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Self-standing cellulose nanofibril (CNF) films are regarded as one of the promising alternatives
to current petroleum-based packaging materials. The mechanical and barrier properties of CNF
films are not yet up to the mark for certain applications, especially at high relative humidity.
Those properties of CNF films can be tuned by the drying methods of films, degree of fibrillation,
cross-linking, and controlled shrinkage. A comprehensive understanding of these processes and
their influence on the structure and properties of CNF films have been presented in this thesis.
First, we prepared CNF films from CNF suspensions with two different degrees of fibrillationstandard CNF (90% fine) and high-fine CNF (97% fine) by casting and filtration. These were dried
in four different ways: air, oven, heat gun, and hot press drying. The CNF films made by hot press
drying showed the highest tensile strength (98.82 MPa) and lowest water vapor permeability
(13.91 g.mm/m2.day.kPa). A facile thermal compression on the dried films further improved the
strength by 13.1%, reduced the water vapor permeability by 22% and oxygen permeability by
43%.

With the hot-press drying and thermal compression technique, we created self-standing films of
lignin-containing cellulose nanofibrils (LCNFs) derived from recycled old corrugated cardboard
(OCC) pulp that cost considerably less than bleached softwood Kraft (BSK) pulp yet only use half
as much energy for refining to obtain the same fines content. The low zeta potential (-3.83 mV)
of OCC-derived LCNFs (OCC-LCNFs) resulted in aggregation of the fibrils in aqueous suspension,
leading to considerable unpredictability in oxygen permeability values (coefficient of variation
36%). The addition of 3 wt.% (based on the dry weight of LCNF) carboxymethyl cellulose (CMC)
lowered the coefficient of variation with an average oxygen permeability of 1478
(cc.µm/m2.atm.day) at 80% relative humidity. We demonstrated that ionic crosslinking with Al3+
or covalent crosslinking with polyamide epichlorohydrin could decrease the oxygen permeability
by 30% at 23 °C and 80% relative humidity, while also significantly enhancing the tensile strength
and modulus.
Finally, the shrinkage in CNF films upon drying has been studied. The shrinkage was classified
into radial and vertical direction. Two types of CNF films were prepared: one in a restrained
condition that did not allow shrinkage in the radial direction but enabled it in the vertical
direction and another one with 11% radial shrinkage but limited vertical shrinkage. The radial
shrinkage led to a more porous and less dense structure than the vertical shrinkage, which
brought about poorer oxygen and moisture barrier performance than its counterpart.
Interestingly, radial shrinkage resulted in 140% and 90% higher strain at break and toughness in
films with a significant sacrifice in strength and modulus. The structural changes caused by the
radial and vertical shrinkage were revealed by scanning electron and optical microscope images.
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1.1

CHAPTER 1: INTRODUCTION

Overview of the Project

A world without plastic-based materials is unimaginable today. From 1950 to 2015, the global
virgin synthetic organic polymers production was 8300 million metric tons, but only 9% of the
total waste generated from these plastics were recycled and rest of the waste was either
incinerated or ended up in landfills or simple scattered in nature1. In the US, the plastic
production was 19% of the global production and 21% of the global consumption, and the overall
North America is the first in rank in terms of per capita plastic consumption globally2. Packaging
was the greatest defined consumer sector for plastics before 2017. After 2017, however, twothirds of the plastics found market in consumer products, electronics, construction, and
transportation areas3. Most of the plastics currently produced are not biodegradable. As a result,
their persistence in lands and oceans is a growing concern for the earth and human existence4.
Moreover, most of the precursors for these plastics are originated from non-renewable
petroleum sources significantly contributing to global greenhouse gas emission5. As a result,
alternatives for petroleum-based plastics with similar properties are of great interest to the
researchers around the world.
Biobased materials can play a significant role to reduce the end-of-life greenhouse gas
emissions compared to petroleum-sourced ones as these materials originate from renewable
sources and can be degraded by naturally existing pathways5,6. As a result, biobased fibers like
cellulose are a great candidate to find applications in place of current plastic materials, especially
in packaging applications. Cellulose is the most abundant biopolymer on earth and can be
1

derived from a variety of woody, non-woody and bacterial sources7. However, the most
important source of cellulose is wood. The major components of wood are cellulose,
hemicelluloses, and lignin. Through the traditional pulping process, most of the hemicellulose
and lignin is removed by chemical or a combination of chemical and mechanical processes. This
pulp has been long used in paper and packaging industry. With the increasing demand for
biobased materials, a new class of cellulose derivatives, cellulose nanofibrils (CNFs), have become
a great interest as they provide unique properties and functionalities for different applications
that are not possible by molecular cellulose or wood pulp8. For example, pulp-based packaging
materials do not have the required oxygen or grease barrier properties, which raised the
necessity for the addition of sizing agents or coatings of perfluoroalkyl substances (PFAs), but
PFAs are known as “forever chemicals” and have been declared banned in the state of Maine9,10.
On the other hand, CNFs as a coating on paper substrate or a standalone film can impart excellent
grease resistance as well as oxygen barrier performance at low relative humidity 11,12.
CNFs are distinctly characterized by their higher aspect ratio (4 – 20 nm wide, 0.5 – 2 µm long)
than their well-known counterpart- cellulose nanocrystals (CNCs) (3-5 nm wide, 50-500 nm
length)8. CNFs are generally produced from wood fibers through mechanical fibrillation process.
The mechanical fibrillation can be performed through conventional techniques like
homogenizing, grinding or refining, and non-conventional techniques like extrusion, steam
explosion or ultrasonication13. Whatever the process of manufacturing, they can form dense selfassembled structures upon drying from their liquid hydrocolloid through intensive hydrogen
bonding and entanglement, and have been investigated for many applications, including films,
2

polymer composites, Pickering emulsifiers, and aerogels8. One of the key properties of selfstanding CNF films is their low oxygen permeability at low relative humidity that makes them a
good candidate for packaging applications. According to Wang et al (2017), a material is
considered very high oxygen barrier when the oxygen permeability value is less than 40
𝑐𝑐. µ𝑚⁄𝑚2 . 𝑑𝑎𝑦. 𝑎𝑡𝑚 14. CNF films can show such high oxygen barrier properties at low relative
humidity15,16. However, their oxygen barrier performance is drastically lost at high relative
humidity (usually > 65%)17. As a result, retaining high oxygen barrier property at high relative
humidity is still a key challenge for the commercialization of CNF based packaging films. On the
other hand, different processes and operations involved in film preparation can significantly
control the final structure and properties of films. As a result, a clear understanding of processstructure-property relationship is vital to produce CNF films for target applications. In this
project, we were motivated to reduce the oxygen permeability of the standalone CNF films at
high relative humidity (80%) through drying techniques, thermal compression, cross-linking and
shrinkage, as well as illustrating a clear structure-property relationship evolved from those
processes. All these parameters were anticipated to control the barrier as well as mechanical
properties of the CNF films.
This MS project started right before the COVID-19 pandemic. As a result, most of the works was
completed during the pandemic. However, the pandemic could not stop the work progress and
outcomes of the project. It was jointly funded by several funding agencies including US Forest
Service, USDA Agricultural Research Service, and the Paper Surface Science Program of the
University of Maine. The overarching goal of the project was to exploit the high gas barrier
3

performance of CNF films in packaging applications. Specifically, CNFs and LCNFs that are
produced at the Process Development Center of University of Maine through mechanical refining
were the major interest.
1.2

Research Objective

The key objectives of this thesis can be divided into three parts. Each part needed separate
experimental procedures that eventually led to conclusive results and understanding of the films’
properties and structure.
The first objective was to investigate the influence of different drying methods on the
mechanical and barrier performance of CNF films and develop the most suitable drying protocol
to achieve high oxygen barrier and mechanical properties. Four drying methods including air,
oven, heat-gun, and hot-press drying were studied and related with the films’ physical,
mechanical and barrier properties. Besides the drying methods, a simple thermal compression
technique was introduced that was applied on dry films obtained from all the drying techniques.
We hypothesized that this thermal compression could reduce the defects and free space
originated from all the drying techniques except hot-press drying.
The second objective was to make packaging films from CNFs produced from recycled
cardboard containers (OCC). As the high cost of CNF is a considerable limitation for the
commercialization of CNF-based packaging materials, we wanted to utilize CNFs produced from
this low-cost and more sustainable source. However, OCC-derived CNF films did not have similar
oxygen barrier performance as CNFs, produced from bleached softwood Kraft pulp. We
hypothesized that crosslinking the fibrils can help improve the compaction of the films and
4

reduce the oxygen permeability. We utilized alum treatment to provide Al3+ for ionic interaction
or polyamide epichlorohydrin to form covalent bonding. The presence of lignin was also
anticipated to impart UV-protectiveness to the films.
The final objective of this thesis is to investigate the shrinkage of CNF films and its influence on
mechanical and barrier properties. Shrinkage is a well-known phenomenon in cellulose-based
materials including CNF films upon drying from wet state. Shrinkage can be classified into two
different directions: radial and vertical. Most of the literatures on CNF ignored the influence of
shrinkage on the properties as there was no study solely dedicated to the shrinkage of CNF films.
We were motivated to bridge this knowledge gap and illustrate a comprehensive picture of how
shrinkage controls the mechanical and barrier performance.
1.3

Thesis Structure

This thesis has been organized into five chapters: the current introductory chapter, three core
chapters-each chapter indicating a publishable work related to one objective of the project, and
one concluding chapter.
Chapter 1 (this chapter) provides the background, the scope of the thesis, objectives of the
project and organization of the thesis.
Chapter 2 focuses on the influence of drying methods on the mechanical and barrier
performance. Chapter 2 of this thesis has been published as an article in Cellulose journal titled
‘Tuning physical, mechanical and barrier properties of cellulose nanofibril films through film
drying techniques coupled with thermal compression’. Supporting information of this article has
been added in Appendix A.
5

Chapter 3 uses the best drying strategy from Chapter 2 to turn OCC-derived LCNF into high gas
barrier packaging films. The OCC-derived LCNF is colloidally unstable. As a result, carboxymethyl
cellulose is added for the stability of the suspension and the film is crosslinked with Al3+ or
polyamide epichlorohydrin. The influence of treating at different concentrations of crosslinker
baths is linked to the mechanical and barrier properties of the films. Appendix B contains the
supporting information for this chapter.
Chapter 4 details the synergistic effect of radial shrinkage and vertical shrinkage in CNF films.
Two sets of films, one with radial shrinkage and the other one with no radial shrinkage, were
compared in terms of their structure, mechanical and gas barrier properties. The microstructure
of these films was analyzed with scanning electron microscope and optical microscope. The
influence of thermal compression from Chapter 2 on these two types of films is also described in
this chapter. Supporting information for this chapter has been added in Appendix C.
Chapter 5 specifies the overall conclusions from the project and points out some
recommendations for future research.
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2

CHAPTER 2: TUNING PHYSICAL, MECHANICAL AND BARRIER PROPERTIES OF CELLULOSE
NANOFIBRIL FILMS THROUGH FILM DRYING TECHNIQUES COUPLED WITH THERMAL
COMPRESSION

2.1

Introduction

Traditional petroleum-based polymers e.g. polyethylene, polypropylene, polyethylene
terephthalate, etc. are used mostly for current packaging applications and have already made
our environment polluted from land to ocean18. Although these plastics are cheap, they have
some technical limitations as well to ensure the food quality inside them. Polyethylene and some
other common plastics provide low water vapor permeability, but fail to restrict higher oxygen
transmission14. To increase the shelf life of many types of food, lower oxygen permeability is
required to avoid oxidation or any sort of chemical modification of food items inside the package.
Polyvinylidene Chloride is a commercial plastic with both good oxygen and water vapor barrier
properties. However, it should be avoided due to its release of harmful dioxins when incinerated
after use14. One of the most promising alternatives to traditional petroleum-based packaging
materials is cellulosic nanomaterials, which have received a lot of attention from researchers
around the world due to their high oxygen barrier properties, biodegradability and renewability
19–21.

Cellulose is the most abundant natural polymer on Earth. The primary sources of cellulose are
cell walls of different plants, some algae and bacteria. Cellulose is mostly known for its application
in pulp, paper and textile industries. However, when the dimension of cellulose fibers are turned
into nanosize (1-100 nm), it finds applications as coatings19, additives22, binders23,
electrochemical and piezoelectric materials24, analytical systems25, biomedical components26
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and many others yet to be explored. The main reasons for those applications of cellulose
nanomaterials are the high mechanical strength, low density, good thermal stability, higher
transparency as well as renewable and sustainable nature of the material itself 27.
Cellulosic nanomaterials are considered to be very good barrier materials for oxygen at lower
relative humidity. This can be attributed to the self-assembly between nanofibrils or nanocrystals
via the strong hydrogen bonding between -OH groups present in cellulose structure, which
eventually makes a film of low porosity to restrict the passage of oxygen molecules 28. Cellulose
nanofibrils (CNFs) are considered better barrier materials than cellulose nanocrystals (CNCs) in
the absence of orientation as they form a less porous network through entanglement inside the
film making a more tortuous path for oxygen movement19. However, the oxygen barrier property
of CNFs drastically decreases at higher relative humidity turning it into a major challenge for the
commercialization of CNF based packaging materials21. The main cause of failure at higher
relative humidity can be attributed to the absorbance of water molecules into the film at higher
relative humidity, which works as a medium for oxygen diffusion through the film and subsequent
swelling of the film17.
CNF films are produced either by casting or filtration followed by a drying process 17,29. In
casting, the suspension of CNFs at a certain concentration is poured into a container, usually a
petri dish, and then dried at a low temperature (around 25°C), which usually takes more than 24
hours for complete drying30. On the other hand, filtration is performed in a vacuum or over
pressure on a filter paper and then the wet mat can be dried with or without filter paper in any
drying apparatus, usually, an oven which takes a maximum of 24 hours29,31. Fast and efficient
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drying of CNF films are absolutely necessary for economic production and controlling the
properties of the resultant films32.
Qing et al (2015) prepared films from three different CNF types and dried them using five
different drying methods involving casting, oven drying and freeze drying and studied the
changes in mechanical properties of all the produced films and found significant differences in
tensile strength and modulus among drying methods. Fein et al (2021) studied how cast films and
filtered films vary in structure as well as mechanical and barrier properties 34. However, there is
no systematic study still available to understand how different drying methods affect the oxygen
and water vapor barrier properties of CNF films. There is evidence from other studies that shows
drying techniques can control the barrier properties of CNF films. Osterberg et al (2013) reported
the preparation of CNF film within the shortest period of time (1-2.5 hours) with hot press drying
at 100 °C after filtration and found significantly lower oxygen permeability even at higher relative
humidity16. Later Tayeb and Tajvidi (2020) prepared oven-dried CNF films which had extremely
high value of oxygen transmission rate causing a failed test35. When these films were subjected
to a simple hot pressing at 130°C for 1 hour, the oxygen transmission rate at 90% relative
humidity was significantly reduced to 21.16 cc/m2.day. However, the effect of hot-press
compaction on other drying methods and structural reason behind the decrease in oxygen
permeability was not clear from that study.
In this chapter, we focused to study how different drying processes affect the barrier properties
of CNF films, particularly water vapor and oxygen barrier, along with mechanical properties. The
overall plan of the study is shown in Fig. 1. Here we prepared films from two different CNF types
with different degrees of fibrillation and prepared films by casting and filtration. Besides air and
9

oven drying, we also employed heat gun assisted drying (termed as ‘heat gun drying’ in this
paper), which is basically impinging wet films with a hot air jet. The advantage of the hot air jet
is that it will shorten the drying time as the following dry hot air will remove the preceding air jet
which is already saturated by the moisture released from the wet film. We also used hot pressing
as a drying method, which is expected to give dry film within the shortest time possible with high
mechanical property36. Besides hot pressing as a drying method, we also performed hot pressing
on all dried films as that may further increase the water and oxygen barrier property as higher
relative humidity as suggested by Tayeb et al (2020)35. This post-processing technique is termed
hot press compaction in this manuscript.

Figure 2.1. Schematic diagram of film preparation and drying techniques used in this study.
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2.2

Materials and Methods

2.2.1 Materials
The CNF suspension for this work was provided by the Process Development Center (PDC),
University of Maine. The PDC produced the CNF suspension from northern softwood kraft pulp
with a low-energy refiner-based method. Details of the production method are found
elsewhere37. This suspension contained 3 wt.% CNF solids. The fine content of the CNF
suspension was measured by a Morfi Analyzer (Techpap SAS, France) to be 90% fines i.e., 90% of
the fibers had a length below 200 µm. This CNF was designated as standard CNF. High fine CNF,
which was a 50 minute more ground version of the standard CNF in a super masscolloider
(Masuko Sangyo, Model: MKCA6-2/, Kawaguchi, Japan), had a 97.4% fines content. The further
details of these two types of CNF are also available in the work of Ghasemi et al (2017).
2.2.2 Optical Microscopy for Fiber Dimensions
To observe cellulose nanofibers at the micro-level, an AmScopeTM (ME520TA, Irvine, CA) optical
microscope was used. Dilute suspensions of 0.01 wt% of the two CNF types were prepared and
sonicated for 1 minute to make the suspension homogeneous and avoid agglomeration of fibers.
Then a very small drop (~0.05 mL) was dropped onto a clean microscope glass slide and dried in
air. A 20x objective was used to capture the image of those dried fibers. Finally, ImageJ (NIH,
USA) software was used to measure the fiber dimensions of at least 50 fibrils from the two types
of CNF evaluated here.
2.2.3 Atomic Force and Transmission Electron Microscopy
Smaller scale morphological characteristics of the CNFs and films were evaluated by atomic
force microscopy (AFM) and transmission electron microscopy (TEM). The AFM analysis was done
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using a benchtop ezAFM atomic force microscope (NanoMagnetics Instruments, Oxford, UK).
Nanosensors™ (Neuchatel, Switzerland) PPP-NCLR-20 AFM probes with a nominal force constant
48 N/m and resonance frequency of 190 kHz were used. For fibers, the same suspensions as in
the optical microscopy (~0.01 wt.%) were used. A single drop (~0.05 mL) from each suspension
was placed on a small piece (~ 1cm × 1cm) of glass slide that was attached to the magnetic
mounting discs with a double-sided tape and dried in air in room conditions. For films, a piece
with the dimensions around 5 mm × 5 mm was cut and placed on the mounting disc directly. A
dynamic scanning tapping mode was used to scan an area of 10 µm × 10 µm for dried fibers and
films. TEM analysis was done using a Philips/FEI CM10 TEM (Hillsboro, OR). A very dilute
suspension of each material (~0.01 wt.%) was dropped on a glow-discharged carbon-coated grid
and negatively stained with 2% uranyl acetate in water to enhance the contrast.
2.2.4 Film Preparation
The film preparation process slightly varied based on the drying process of the film. The target
basis weight for each film was 60 grams per square meter (gsm). A 0.5% concentration
suspension was prepared for all cases except for casting. For casting, the suspension
concentration was 1% so that it could not overflow from a petri dish at a usual size (100 × 15 mm)
and still obtain the desired basis weight. The suspensions were sonicated for two minutes with a
Branson 450 Sonifier (Ultrasonics Corporation, Danbury, CN, USA). Then a thorough mixing to
remove bubbles was performed for 1 min using a planetary mixture (Thinky 310, Thinky
Corporation, Tokyo, Japan) at 2000 rpm with a subsequent defoaming step for 45 seconds at
2200 rpm. For the casting purpose, the suspension was gently poured into a petri dish of the
mentioned size and slightly shaken to spread uniformly over the Petri dish and kept in a fume
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hood for 48 hours to dry in the air. For other drying processes, the suspension was filtered in a
vacuum filtration apparatus maintaining a suction pressure of 254 mm (Hg). For the filtration
purpose, Whatman Grade 5 (2.5 µm pore size) qualitative filter papers were used. For each film
preparation, two filter papers were used on the Buchner funnel to avoid the circular dots that
otherwise appeared from the gaps in the funnel where local vacuum pressure is high. The
filtration process took around 4 minutes and was terminated when the interval between two
drops falling was at least 20s.
Once the filtration was complete, the lower filter paper was removed before drying. For oven
drying, each film (with the filter paper) was placed on top of a steel plate and then a polyvinyl
chloride (PVC) ring with a 10 cm inner diameter was placed on top of the film with another steel
plate on top of the ring with a load ~200g. Then the entire setup was kept in an oven for 6 hours
at 650C. For heat gun drying, the setup was almost similar to that for the oven drying, except that
the top steel plate was removed and the PVC ring was clamped from the side. A heat gun
(DeWALT, D26960, Baltimore, MD) with a flow rate 1.2 ± .1 m/s and a temperature of 65 oC was
used to dry the film for 20 minutes. For hot pressing, the film with an additional new filter paper
on top was placed in between two steel plates. Then the entire setup was dried for 10 minutes
between two hot press platens at 120 oC under minimum pressure i.e., the gauge dial was kept
at zero with enough pressure only to keep the press closed. The entire wet film setup before
drying is shown in Figure A.1. The hot press-assisted compaction for all types of films was
performed as shown in Figure 2.1 at 120oC and 1.1 MPa for 10 minutes.
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2.2.5 Density and Porosity of Films
For density measurement, films were first conditioned at 50% relative humidity and 23 oC
temperature. A circle with a 6.5 cm diameter was cut from all films and then thicknesses from
ten random points were measured with a micrometer at 0.001 mm accuracy for each film. The
average thickness was considered as the thickness of the overall film for volume calculation. Then
the weight of each circle was recorded and divided by the volume to obtain the density. At least
the density of three samples from each type of film was measured and recorded with average
and standard deviation. For apparent porosity measurement, a formula (Eq. 1.1) based on film
density and cellulose fiber density (ρc = 1.5 g/cm3) was used39.
Porosity (%) =

𝜌𝑐 −𝜌𝑓
𝜌𝑐

× 100

(2.1)

2.2.6 Surface Roughness and Surface Free Energy Analysis
Along with nano-level surface roughness from AFM, we also used the TAPPI T538 40 method
with Sheffield air leakage measurement instrument (The Sheffield Corporation, Dayton, OH) to
measure the degree of roughness on a relative scale. In brief, the instrument and method
principle is to flow air between a ring-shaped metal measuring head, which rests on the film’s
top surface to impart pressure on it, and the top surface of the film. The bottom surface of the
film is supported on a flat glass surface. The air leakage flow rate from the surface of the film is
converted to an arbitrary unit, named as Sheffield Unit (SU) that ranges from 0 to approximately
445 SU, where 0 indicates the smoothest surface and 445 indicates the roughest one. To
understand the surface properties of films, a double sessile-drop contact angle measurement
was performed using a mobile surface analyzer (Kruss, Hamburg, Germany). Two drops of 1 µL
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each from deionized water (polar probe) and diiodomethane (non-polar probe) were released on
the surface of the film and then contact angles were measured just after 1s of drop falling. From
the contact angles of the polar probe and non-polar probe, surface free energy was calculated
using Owens, Wendt, Rabel and Kaelble (OWRK) formula41. At least 10 measurements were taken
for each type of film for average and standard deviation calculation.
2.2.7 Transparency of Films
For qualitative transparency of films, a University of Maine logo was affixed on one side of a
microscopic slide and then a portion of a film (same size as the slide) was placed on the other
side of the slide and clipped. Photographs of each type of film were captured and presented
together for visual comparison. For the quantitative purpose, a Beckman DU 7500 UV-Visible
spectrophotometer (Beckman Coulter, CA, USA) was used to measure the light absorbance of
films in the visible region (400-800 nm) using air as the reference. A plastic sample holder was 3D
printed with a 1 cm × 2 cm hole and used to hold the film samples in place. Finally, the
transmittance was calculated using the formula Transmittance (%) = antilog (2-absorbance).
2.2.8 X-ray Diffraction
X-ray diffraction (XRD) was used to compare the relative crystallinity of fibers in different films.
A PANalytical X’Pert Pro (Royston, UK) XRD instrument was used to scan the films from 10° 2Ɵ to
40° 2Ɵ at 45 kV and 40 mA. The radiation source was nickel filtered Cu Kα with a wavelength of
1.54 Å. The crystallinity index (CI) of films was calculated based on Segal’s formula 42.
CI (%) =

𝐼200 −𝐼𝑎𝑚

(2.2)

𝐼200
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where I200 denotes the intensity (in arbitrary unit) of the crystalline peak from the (200) plane
and Iam is the intensity of the minimum between two major peaks (around 18° 2Ɵ) presenting the
amorphous portion.
2.2.9 Tensile Testing
Tensile strength, strain at break, and modulus was evaluated for all prepared films with an
Instron 5942 Universal Testing Machine (Instron, MA, USA) with a 500N load cell. All tested films
were cut into 50 mm × 10 mm specimens. Then all specimens were conditioned at 50% relative
humidity and 23°C for 24 hours. The actual gauge length for testing was 20 mm. Then the
specimens were tested at a displacement rate of 2 mm/min. At least five specimens from each
type of film were tested for the purpose of statistical analysis.
2.2.10 Scanning Electron Microscopy
To evaluate the internal structure of films, a scanning electron microscope (SEM) (NVision 40,
Zeiss, Germany) was used at various magnifications. Before taking images, all samples were
coated with a 4 nm layer of Au/Pd using a sputter coater. For cross-sectional images of films, the
films were freeze fractured in liquid nitrogen. All films were places on metal stubs with carbon
tapes. The voltage was kept at 3 kV and the working distance was in the range of 11 mm to 15
mm.
2.2.11 Oil Barrier Test
All prepared films were tested for the oil barrier property with standard ‘kit test’ following the
TAPPI T559cm-12 protocol43. In short, the process involves dropping solutions of different kit
numbers (1 to 12) separately on each film from a 13 mm height and then wiping the surface off
after 15 seconds with a cotton ball. The highest kit number at which a dark spot was not observed
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after cleaning was considered as the kit number of that specific film. The test was replicated for
three times at least on each film type.
2.2.12 Water Vapor Transmission Rate
Water vapor transmission rate (WVTR) was measured following the standard procedure of
ASTM E96/E96M-16. To summarize the process, each film was cut into a circular shape of 65 mm.
About 50 g of water was poured into a Mason jar (Rubbermaid Incorporated, GA, USA) and the
circular film was placed on the top of the jar. A silicone rubber and metal screw cap were used to
seal and hold the film in place. The weight of the whole jar with the film was recorded before
placing it in an environmental chamber at 23°C and 50% relative humidity. After conditioning for
24 hours, the weight of the jar was recorded again. The difference of weight before and after
conditioning (Δmass) denotes the amount of water vapor transmitted through the film. Then WVTR
can be calculated using Eq. 1.3
𝑔

𝛥

WVTR (𝑚2 .𝑑𝑎𝑦) = 𝜋𝑟𝑚𝑎𝑠𝑠
2 .𝑑𝑎𝑦

(2.3)

where r indicates the radius of the film. Water vapor permeability (WVP), which is independent
of sample thickness, can be calculated using Eq. 1.4.
𝑔.𝑚𝑚

WVP (𝑑𝑎𝑦.𝑘𝑃𝑎.𝑚2) = WVTR × 𝑃

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
(𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑)×∆𝑅𝐻%

× 100

(2.4)

where P(saturated) indicates the saturated vapor pressure of water at 23°C (2.81 kPa) and Δ RH%
indicates the difference of relative humidity inside (100%) and outside of the jar (50%).
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2.2.13 Oxygen Transmission Rate and Crack-folding Behavior
Oxygen transmission rate (OTR) and oxygen permeability of films were measured following
ASTM D3985-17 standard with an OX-TRAN 2/22 OTR Analyzer (MOCON, MN). The film was
placed in a designated cell and conditioned for 6 hours with a gas mixture of 96% N 2 and 4% H2
(carrier gas) containing water vapor to make the relative humidity at 50% or 80%. The testing
area of each film was 5.64 cm2. The test duration varied as the test was continued until a
transmission rate was converged upon. The tests were terminated when the difference between
the last measurement and the one from 5 cycles before was less than 1%. Oxygen permeability
value was obtained by multiplying the OTR value by the thickness. For the crack resistance test,
a standard CNF film dried in hot press was selected as a representative for all CNF films. The first
crack was made by folding the film at 180o and then applying a load of 2.5 kg for 10 minutes as
shown in Figure A.2a. The second crack was made in two steps. The first step was the same as
the crack in the first film and then in the second step the film was folded again at 180 o with the
same load and time to make a cross at the center Figure A.2b.
2.2.14 Statistical Analysis
Three-way analysis of variance (ANOVA) was performed for three independent variables (type
of CNF, drying method and hot-press compaction) to understand the main effects and interaction
effects of the three independent variables on mechanical and barrier properties. Also, Duncan’s
post hoc analysis was conducted to classify drying methods based on their group means. All
statistical analyses were run in IBM SPSS Statistics 27 (IBM Corporation) with a level of
significance of 0.05.
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2.3

Results and Discussion

2.3.1 Morphology of Fibers
CNFs are mainly defibrillated from cellulose pulp. Defibrillation occurs when shear forces are
applied on fibers. Different characterization techniques are applied together to understand the
fibers morphology for CNF and other lignocellulosic materials. Here we applied three differentscale characterizations by optical microscope, AFM and TEM. The optical micrographs of the two
types of fibers as shown in Figure 2.2a,b were used to determine their width. The standard CNF
and high fine CNF had an average micron-level width of 1.4 ± 0.38 µm and 0.91 ± 0.23 nm,
respectively. The width of fibers measured from AFM images, as shown in Figure 2.2c,d was found
to be 249 ± 107 nm and 239 ± 62 nm for the standard and high fine CNF, respectively. On the
other hand, TEM image analysis from Figure 2.2e,f showed the diameter of standard CNF film as
37 ± 15 nm and that of the high fine CNF as 13 ± 6 nm. The difference in diameter by different
characterization technique was also observed in other reports44 and can be attributed to the
different magnification levels and the resolution of different microscopes, tip broadening effect
in AFM or simply the natural variability of the materials. The most dominant difference was seen
in terms of roughness as determined by AFM and shown in Figure 2.2c,d. The average roughness
of the standard CNF was 133 ± 69 nm. For high fine CNF, it was significantly lower (62 ± 26 nm).
From the data, it is also clear that the high fine CNF had a narrower size distribution than the
standard CNF. The relatively lower width and roughness of the high fine CNF were due to the
additional grinding process in the super masscolloider that resulted in more shear force and
defibrillation compared to the standard CNF film29. From the optical micrographs of the high fine
CNF, the finer defibrillated fibrils can be easily seen.
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Figure 2.2. Optical micrograph of standard CNF (a) and high fine CNF (b), AFM amplitude image
of standard CNF (c) and high fine CNF (d), and TEM of standard CNF (e) and high fine CNF (f).
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2.3.2 Density and Porosity of Films
Film density is one of the most important parameters that give an insight into the properties
of the film. Previous studies showed that the mechanical properties of a cellulose nanofibril film
is are density-driven, rather than governed by the fines content29 or thickness of the film36.
Statistical analysis showed that the types of fibers, drying methods and hot-press compaction
significantly influenced the density. Here in our case, the high fine CNF films showed on average
10% higher density than standard CNF films (Figure 2.3a,b). This observation of a higher density
of films with a higher degree of fibrillation complies with the studies of other researchers 29,45.
The Duncan Post hoc test classified the drying methods into three groups based on the output
variable density. Oven-dried films had the lowest density whereas cast films, on average, showed
7.1% higher density while the rest of the drying methods brought about densities in between the
two. However, the interaction effects of drying methods with CNF types as well as hot press
compaction were also statistically significant. As a result, it is difficult to consider the density in
terms of drying methods ignoring other variables. For instance, the standard CNF films prepared
by casting showed similar density to those made by hot press drying, but in case of the high fine
CNF films, the cast films showed the highest density. In addition, hot press compaction of the
dried films increased the density by 11% denoting that this process contributed the most to
increase the density of CNF films. Interestingly, the hot press compaction turned the density into
almost similar values irrespective of the drying techniques. Different drying techniques are
expected to give different internal structures and free spaces to the films, which is the reason for
the different density values of the films. However, the hot press compaction changed the density
based on the level of free spaces in a film. For example, for oven dried films which had the lowest
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density i.e., more free spaces, hot press compaction increased the density by 17%. In contrast,
hot-pressed films had higher density i.e., the film had already lower free spaces, and therefore
hot press compaction only improved the density by 6%. The porosity has an opposite relationship
with the density i.e., the denser the film the less porous it will be. As expected, high fine CNF film
had lower porosity than standard CNF films as shown in Figure A.3. Similarly, hot press
compaction also significantly decreased the porosity as the thermal compression increased the
density.

Figure 2.3. Density of standard CNF (a) and high fine CNF film (b). UV-Vis graphs of standard
CNF (c) and high fine CNF (d) film.
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2.3.3 Transparency of the Films
Qualitative transparency of the films is shown in Figure 2.4. From this figure, it is quite clear
that the films dried with the hot press are less transparent than cast films which are, in turn, less
transparent than those made by oven drying and heat gun drying. The UV-vis transmittance, as
shown in Figure 2.3c,d shows a similar trend. Based on the UV-Vis data, the highest transparency
was shown by oven-dried films. Heat gun drying showed almost close transparency to oven
drying, but the lowest transparency was observed for films dried by hot press and air. In general,
highly densified films are expected to have high transmittance because of the presence of
relatively small amount of air pockets which cause the light scattering inside the film46. Following
this rule, high fine CNF films showed 54% higher transmittance than standard CNF films at 600
nm wavelength as they have higher density and less porosity than standard CNF films. However,
in terms of drying methods, the effect of density on transparency was not found to be the
controlling factor as relatively dense air-dried and hot-pressed films showed lower transparency.
Lower transparency in this case was most likely controlled by the surface properties instead of
bulk properties. For air-dried films, the surface roughness was probably contributing to the lower
transmittance. For polymeric films, the surface roughness causes extra light reflection and
scattering which eventually reduces the transmittance47. As the Sheffield roughness values, listed
in Table 2.1, were higher for air-dried films, their transmittance was mostly affected by the rough
surface. On the other hand, the lowest transmittance of hot-pressed films can be attributed to
scattering caused by the hanging fibers on the surface of the films and heat treatment. Nogi et al
(2009) prepared a translucent cellulose nanofiber film, which was then converted into a
completely transparent film with simple polishing with Emery paper and thus concluded that
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transparency of the cellulose nanofiber film can also be affected by light scattering from the
loosely held fibers on the surface of the films48. Here in our case, we used filter paper on both
sides of wet films during hot press drying. Nanofibrils on the surface of the wet film can form
adhesion with the fibers on the surface of filter paper and this adhesion is further induced by the
pressing. An SEM image of a dried film’s surface which was in contact with the filter paper is
presented in Figure A.3. From the image, hanging fibers which were formed during the
detachment of the filter paper from the film are seen. Those fibers could have caused light
scattering from both sides of hot-pressed films. As a result, hot-pressed films were less
transparent than those prepared by other drying methods. Besides this effect, the high
temperature treatment of the hot-pressed films could possibly make them susceptible to the
thermal oxidation which could be responsible for the relatively yellowish appearance of the films
and lower transmittance as well49.

Figure 2.4. Qualitative transparency of all prepared films on the logo of University of Maine.
+HP indicates films after hot press compaction.
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2.3.4 Surface Morphology and Roughness of Films
The AFM amplitude images for all types of films are shown in Figure A.4 to observe any
difference in surface morphology. However, no trend or distinct pattern was observed for these
images mostly because of the small scanning area (10 µm × 10 µm) which is not able to capture
the entire variability. As the fiber size distribution is quite random for CNFs, some films, e.g., the
standard oven-dried film with hot press compaction and high fine heat-gun dried films, showed
the presence of larger width fibers, which are not related to film drying methods at all. To
determine the nano-level surface roughness of the film, we used AFM topography images and
the values are listed in Table 2.1. Only drying methods showed a statistically significant effect on
the surface roughness of the films. On average, cast films showed 0.25 ± 0.01 µm roughness,
which is the highest among all drying methods. The reason can be attributed to the free and
uneven orientation of fibers on the surface during air drying of casted suspensions. However,
after hot press compaction of dried cast films, the roughness reduced by 25% for standard CNF
films and 58% for high fine CNF films.
Although nano-level (smaller than 100 nm) roughness did not seem to be improved for any of
cases after hot press compaction, our visual observation showed the smoothing of surface in
every case. The macro-level (mm scale) roughness on the films appeared either from the
roughness of the filter papers during filtration, which was eventually retained on the film after
drying or waviness created during the air drying of casted films. Therefore, we employed the air
leakage method, which is widely used in the paper industry, to determine the surface roughness.
The Sheffield roughness values of all films are presented in Table 2.1. Statistical analysis showed
that the high fine CNF film had 18% lower roughness than the standard CNF films in SU. However,
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this reduction in roughness by hot-press drying is only true for macro-level observation, which
may not be true for micro/nano-level roughness. In all cases, hot press compaction significantly
reduced the roughness of all films. For example, oven drying and heat gun assisted drying of high
fine CNF made a very rough surface of 230 SU which decreased by 64% and 72% after hot press
compaction. Similar to nano-level roughness, cast films without compaction hot pressing showed
the highest roughness in the Sheffield test.
2.3.5 Surface Free Energy
The surface contact angle and surface free energy of all prepared films were determined to
have a deeper understanding of their surface properties. CNF films’ surfaces are, in general,
hydrophilic due to the hydroxyl groups present in the fibers. In Figure 2.5a,b the water contact
angles of standard CNF films and high fine CNF films are presented, respectively. Cast films
showed a higher water contact angle, which indicates that these films are more hydrophobic
compared to films made through other drying methods. The reason for the higher water contact
angle can be related to the roughness of cast film, as the chemistry for all CNF films is the same.
According to Wenzel’s theory, a hydrophilic material (water contact angle < 90 °) will be more
hydrophilic when micron level (~ 100 µm – 1000 µm) roughness of the surface can be increased
i.e., if two hydrophilic films with the same chemistry have two different degrees of roughness,
the smoother one will be less hydrophilic50. Although there is no evidence from AFM roughness
value that cast films had less roughness than other films as AFM detected only nano-level
roughness within a very small (10 µ × 10 µ) scanning area, contact angle values suggests that cast
film may have less micron level roughness compared to films made through other drying
methods. On the other hand, hot press compaction, in general, tends to increase water contact
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angle. Therefore, we can conclude that hot press compaction increases the hydrophobicity of the
surfaces and this hydrophobicity can also be related to less roughness of hot-pressed film at the
micron level. In terms of the fines content of the fibers, no significant difference was found.
Previously, Amini et al. (2020) reported that hydrophobicity of CNF films increased from a fine
content of 50% to 100%29. However, in our case, the difference in fines content between the two
samples was not that high, which might be the reason for no significant difference.
Table 2.1 Thickness, AFM roughness, Sheffield roughness and surface properties of all films.

Drying Methods

Film
Thickness
(µm)

AFM
Roughness
(µm)

Roughness
(Sheffield)

Surface
Free
Energy
(mN/m)

Polar
(mN/m)

Disperse
(mN/m)

Standard CNF Film
*

Air Drying

69 (12)

0.22 (41)

328 (3)

47.7 (26)

10.5 (72)

37.2 (13)

Air Drying + Hot Press

58 (9)

0.17 (50)

210 (5)

32.2 (28)

2.3 (139)

29.9 (19)

Oven Drying

69 (1)

0.20 (31)

188 (4)

54.5 (32)

23.9 (44)

30.6 (23)

Oven Drying + Hot Press

54 (8)

0.22 (29)

92 (3)

54.1 (15)

22.2 (22)

31.9 (10)

Heat Gun

64 (3)

0.28 (47)

133 (2)

52.0 (22)

22.4 (30)

29.6 (17)

Heat Gun + Hot Press

56 (0)

0.22 (65)

75 (7)

50.6 (29)

20.3 (47)

30.3 (17)

Hot Press

58 (7)

0.23 (35)

193 (2)

67.5 (14)

33.8 (16)

33.7 (13)

Hot Press + Hot Press

56 (11)

0.28 (31)
100 (0)
High Fine CNF Film

59.0 (15)

26.3 (20)

32.7 (11)

wAir Drying

68 (6)

0.32 (52)

295 (2)

54.6 (20)

18.2 (39)

36.4(10)

Air Drying + Hot Press

62 (3)

0.13 (47)

240 (7)

50.00 (14)

11.0 (35)

39.0 (8)

Oven Drying

73 (4)

0.22 (34)

230 (4)

61.3 (13)

27.0 (16)

34.3 (11)

Oven Drying + Hot Press

62 (3)

0.27 (47)

83 (7)

51.1 (10)

20.1 (15)

31.0 (7)

Heat Gun

71 (6)

0.19 (35)

230 (4)

57.0 (29)

23.9 (44)

33.1 (19)

Heat Gun + Hot Press

61 (2)

0.32 (43)

64 (9)

46.2 (26)

17.5 (48)

28.7 (13)

Hot Press

63 (4)

0.19 (35)

95 (5)

70.8 (8)

39.1 (8)

31.7 (8)

Hot Press + Hot Press

60 (2)

0.17 (36)

67 (4)

60.8 (13)

30.8 (25)

30.0 (14)

*Values

in parentheses indicate coefficients of variations (%)
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2.3.6 The Crystallinity of the Films

Figure 2.5. Water contact angle of standard CNF (a) and high fine CNF (b) film. XRD graphs along
with crystallinity index (CI) of standard CNF (c) and high fine CNF (d) film.
The crystallinity of cellulose nanofibril films has already shown to influence the mechanical
properties of the films33. In general, cellulose nanofibrils films are randomly oriented in films
unless any special treatment is performed to make them aligned51,52. From the XRD graphs of
standard CNF and high fine CNF as shown in Figure 2.5c,d the peaks in between 15° and 16.5°
corresponds to (1-10) and (110) lattice planes which are characteristic peaks of cellulose
observed by many other researchers53,54. The most dominant peak in terms of intensity was
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found around 22.5° which corresponds to (200) lattice diffraction. The crystallinity indices (CI) for
all films were in the range of 75% to 82%. Cast films showed the lowest CI whereas hot-pressed
films showed the highest CI value, which suggest that the casting process gives more random
orientation of fibers during drying whereas hot pressing gives more crystalline zone during
drying. This observation can be relevant to mechanical and barrier properties discussed at a later
portion of this paper. Another significant observation from XRD data is that hot press compaction
on dried films increased the CI in all cases. This is not an observation that happened by chance,
rather a number of research findings showed the same phenomenon and related this result to
the reorientation of fibers caused by heat and pressure33,55.
2.3.7 Mechanical Properties of the Films
Mechanical properties of CNF films are important for many applications, especially where
lightweight but high strength materials are desired56,57. All tensile test results (strength, strain at
break, and modulus) are shown in Figure 2.6 along with a representative stress-strain curves from
each sample in Figure A.5. Clearly, different drying methods and morphologies make different
materials from wet cellulose nanofibril hydrogels in terms of strength. Qing et al (2015) showed
that freeze-drying and casting generated low strength cellulose nanofiber films 33. Here in our
case, Duncan’s post hoc test classified the drying methods into three groups- high strength with
an average of 98.8 MPa for hot pressing, medium strength with an average 89.9 MPa and 91.3
MPa respectively for oven drying and heat gun assisted drying and finally low strength materials
with an average of 83.4 MPa for casting. However, this classification is more considerable for
standard CNF films as the interaction effect of drying method and type of CNF was also
statistically significant. Cast high fine CNF films had the highest average strength among all films
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and it was 77.3% higher than the average strength of the cast standard CNF films. Therefore, it is
reasonable to conclude that the higher degree of fibrillation of the fibers will be more
advantageous in terms of strength if the preparation process is casting. The difference observed
in the strength could have also been caused by the processing techniques. For casting, the
nanofibers are driven by Brownian motion and form networks while drying progresses. On the
other hand, most of the networks are formed before the drying starts during filtration process.
As a result, the difference in properties is expected. Fein et al reported the higher strength value
of filtered films than casted films at the same density which was similar to our observation 34.
Among the filtered films, hot-pressed films showed the highest strength because of the strong
hydrogen bonding induced by high temperature and pressure16.
In general, the use of high fine CNF films increased the average strength of the films by 24.2%
compared to that for the standard CNF films. The strength development by more fibrillated
structure was expected because more fibrillated structures can pack better. An important
consideration is that the porosity reduction will occur at the core, not at the surface. Refined
CNFs at 90% fines content are dense enough at the top and bottom surfaces; further fibrillation
will reduce the porosity at the core layer34. Finally, the hot press compaction significantly
increased the tensile strength. On average, the increase in tensile strength caused by hot press
compaction was 13.1%. This increase is caused by the lower porosity as well as improved
consolidation of fibers induced by the thermal compression as shown by others16,36.
In terms of tensile strain, only the degree of fibrillation showed a statistically significant effect.
The high fine CNF films, on average, showed 66.6% higher strain than the standard CNF films. A
similar observation for the increase of strain with the increase of the degree of fibrillation was
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also reported by Wakabayashi et al (2020) for 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
oxidized CNF films45. In terms of tensile modulus, which indicates the stiffness of the film, only
the drying method showed a statistically significant effect. Duncan’s post hoc test classified
casting and heat gun drying as the low modulus drying methods with a mean of 4.76 GPa and
5.09 GPa, respectively and hot pressing and oven drying as high modulus drying methods with a
mean of 5.61 GPa and 6.07 GPa, respectively. Although tensile modulus of the hot-pressed films
was lower than that of the oven dried films, this lower mean was not statistically significant and
also hot pressing was more convenient in terms of processing time and solvent resistivity 16.
Therefore, hot pressing can be considered the most convenient drying method to prepare strong
and stiff CNF films. Besides the drying method, hot pressing compaction after drying seems to
have a positive effect on the CNF film modulus although statistical analysis showed that such a
difference was not significant. Except for high fine cast films, hot press compaction increased the
average modulus. The exception for high fine cast films can be explained by the fact that relatively
smaller particles in the high fine CNF may align themselves along the drying line as a result of the
surface tension torque30 better than those in the standard CNFs and that alignment can result in
a high density film which cannot be further densified with hot press compaction 19. The same
reasoning can be used to explain the higher strength and strain at break of high fine air-dried
films than standard CNF films. With more fibrillation, surface tension torque helped more for the
better compaction of nanofibers, which resulted in a denser film.
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Figure 2.6. Tensile strength (a, b), strain at break (c, d), and modulus (e, f) of standard and high
fine CNF films.
2.3.8 Oil Barrier Property
Cellulose nanofiber films are well known for their grease and oil resistance 58. In our study, all
the prepared films, regardless of degrees of fibrillation, drying processes or thermal compression,
showed a kit value of ‘12’, which indicates the highest oil and grease resistance. Similar values
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were also obtained by Tayeb et al. (2020) and Hossain et al. (2021) who coated CNF or lignincontaining CNF on paper or wood flour composites, respectively, for per- and polyfluoroalkyl
substance (PFAs) free oil repellant food packaging applications11,60. The reason for this high
grease barrier property can be attributed to less porous and more tortuous structure formed by
the cellulose nanofiber due to very strong hydrogen bonding between fibers.
2.3.9 Water Vapor Permeability
Cellulose nanomaterials are not exceptionally good in terms of water vapor barrier properties
due to their hydrophilic nature61. Some efforts were already made to improve the water vapor
barrier property of cellulose nanomaterials by adding crystalline clay materials or other polymeric
materials to their formulations62,63. Here we attempted to improve the water vapor barrier
property with physical parameters and our results of water vapor permeability of different films
are shown in Figure 2.7. All three parameters in our study showed a statistically significant effect
on water vapor permeability. In general, the high fine CNF films showed 5.8% lower average
permeability than the standard CNF films.

33

Figure 2.7. Water vapor permeability at 50% relative humidity and 23 oC of standard CNF films
(a), high fine CNF film (b) and oxygen permeability at 80% relative humidity of standard CNF
films (c) and high fine CNF film (d).
In terms of drying methods, Duncan’s post hoc test showed that hot-pressed films had the
lowest water vapor permeability with an average of 13.91 g.mm/m2.day.kPa compared to all
other films. On the other hand, standard cast CNF films showed the highest permeability towards
water vapor with an average of 17.20 g.mm/m2.day.kPa, respectively. Oven-dried and heat gun
dried films showed values in between these with an average 13.91 g.mm/m 2.day.kPa and 17.20
g.mm/m2.day.kPa. To reveal the structural reasons for this result, we investigated the crosssectional area of standard CNF cast film, oven-dried film and hot-pressed film with a field
34

emission SEM as shown in Figure 2.8a-c, respectively. CNF films are well known for their layered
structure formation during drying reported by many researchers17,36. In our observation,
however, this was not entirely true for cast films as we found a combination of layered structure
and random (non-layered) structure for the cast film. In Figure 2.8a, a cross-section of such
random zone is shown, and this random zone may cause more diffusion of water vapor than the
lamellar zone. Oven-dried and hot-pressed films showed perfect layered structure in every
portion of the film. However, oven-dried films’ layers showed a wavy pattern (Figure 2.8b) which
resulted in more free spaces between layers and caused higher water vapor permeability. In the
hot-pressed films as shown in Figure 2.8c, due to the application of pressure, each layer was flat
and so the overall structure was more compacted resulting in low water vapor permeability
among all drying methods.
The hot-pressed compaction of films also significantly reduced (22.3%) the water vapor
permeability. Figure 2.8d showed the SEM image of oven-dried plus hot-pressed film; the wavy
nature of layers is not visible, rather the structure exactly matches of the hot-pressed film.
Therefore, we can conclude that hot press compaction renders the micro-layers in laminates of
CNF flat and straight, which eventually leads to less free volume and hence better water vapor
barrier property.
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Figure 2.8. SEM images of cross-sections of (a) casted (b) oven-dried, (c) hot pressed, and (d)
oven-dried + hot pressed films.
2.3.10 Oxygen Barrier and Crack Resistance
Cellulose nanofibers have excellent oxygen barrier properties at lower relative humidity, which
gradually deteriorate at relative humidity higher than 65% due to plasticizing effect of moisture
uptake from the environment which works as a medium for oxygen penetration 11,12. The oxygen
permeability of all prepared films at 80% relative humidity is shown in Fig. 7c,d. It is evident from
the figure that hot pressing resulted in the lowest oxygen permeability compared to all other
drying methods. However, statistical analysis showed an insignificant difference between drying
processes. This is due to the higher standard deviations between samples as the oxygen
permeability is very sensitive to the subtle change of film structure. The largest fluctuation was
observed in the oxygen permeability of cast standard CNF film due to the non-uniform formation
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while drying in air64. However, oxygen permeability showed a significant difference with the type
of CNF. High fine CNF films showed 13.6% less oxygen permeability than standard CNF films. With
a higher degree of fibrillation, more surface is exposed for hydrogen bonding which results in
lower porosity and restricts oxygen passage.
The most significant parameter that changed oxygen permeability is hot press compaction. Hot
press compaction on dried films reduced the oxygen permeability by 43%. The reduction of
oxygen permeability was also observed in another work by Tayeb et al (2020)35. The reason for
this reduction can also be associated with the change in structure caused by the compaction hot
pressing as shown in Figure 2.8b,d. Therefore, it can be concluded that the flat and straight
deposition of each lamella is an important factor for higher barrier properties that can be
attained by direct hot pressing or hot press compaction on dried films. The average value of
oxygen permeability after hot press compaction on all types of dried films was found to be 403.2
cc.µm/m2.day.atm, which was a very close value to classify them as high barrier materials (40400 cc.µm/m2.day.atm) at 80% relative humidity14. A comparison of our obtained mean value
with values from other research as well as other natural and petroleum based packaging
materials is provided in Table A.1.
Along with the oxygen barrier property, another important aspect of packaging materials are
their resistance under certain tensions like folding63. Previously Tayeb et al (2019) showed how
cracks at folding affect the oil and water vapor barrier properties63. Here we revealed how CNF
films behave in terms of oxygen barrier after fold-cracking. From all 16 categories of films
evaluated here, we chose standard CNF films that were dried in the hot press as a representative
for fold-cracking behavior. As the oxygen barrier property is very susceptible to pores, we
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expected to have very high oxygen permeability after folding if cracks did appear. Surprisingly,
we obtained the very similar values of oxygen transmission rate before and after a single line
fold-cracking. The value of OTR, in this case, was found to be 10.56 cc/m2.day at 80% relative
humidity, which is comparable to the OTR value before folding (9.55 cc/m2.day). However, when
two crossing fold-lines were made, both samples failed in the OTR testing. The reason for failure
was that oxygen transmission was so high (usually >3000 cc/m2.day) that the sensor of the
machine was saturated by the oxygen and the test was stopped.
To understand the structural change after fold-cracking, we observed the SEM image of the
fold line area as presented in Figure 2.9a-c. For single-line folding, we did not find any sign of
cracks on the surface of the film. To mark the crack zone, we made a small notch with a razor
blade on carbon tape in line with the fold line. Still no crack was observed on the film surface as
shown in Figure 2.9a. Therefore, we can conclude that any visible structural change in the film
was not mediated by the single line folding. Later we examined the structure of two crossline
folding under SEM. In this case, we found a real crack at the point of the intersection of two lines
as shown in Figure 2.9b. Also, we saw a slight crack propagation in a line from the crack center.
When the second line crossed the first line which was already weak, the crack at the intersection
propagated towards the first line. At higher magnification (2000x), we can see the holes created
at the point of intersection in Figure 2.9c. Those small holes were large enough for oxygen
molecules passage to fail the OTR test.
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Figure 2.9. SEM images of single-line folded (a) and double-line cross folded (b) films’ surface at
85x. Higher magnification (2000x) of the intersecting point for the double-line cross folded film
to see cracks as marked with the red arrow.
2.4

Conclusions

In conclusion, drying processes and degree of fibrillation can significantly affect the mechanical
and barrier properties of cellulose nanofibril films. Among all drying methods, hot pressing gave
the highest mechanical strength as well as the lowest water vapor and oxygen permeability due
to better consolidation of layers in the film structures induced by the high pressure and
temperature. Along with the drying method, hot pressing compaction on dried films also
increased tensile strength by 13% and reduced water vapor and oxygen permeability by 22% and
43%, respectively. SEM images showed hot pressing flattened the layers of CNFs and minimized
the free space between two layers. In general, high fine CNF also showed higher strength and
lower water vapor and oxygen permeability than standard CNF film. However, the improved
effect of high fine CNF can be achieved by standard CNF if hot pressing is used as the drying
method and hot press compaction is performed on the dried films. These findings have notable
significance in terms of commercialization of CNF films as we may not need to invest money for
extra refining, rather a simple thermal compression can generate similar results in terms of
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strength, water vapor and oxygen permeability even at lower fine contents. Crack resistance
behavior in terms of oxygen permeability was also evaluated. A film with a single line folding
made at 180° did not show any significant difference as no crack was practically created in
micrometer level. However, double line crossed folding caused the film to fail for over saturation
of the oxygen in the sensor as a crack was created at the point of intersection.
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CHAPTER 3: TURNING RECYCLED CARDBOARD CONTAINER DERIVED LIGNIN CONTAINING
CELLULOSE NANOFIBRILS INTO ROBUST, GAS BARRIER AND UV-SHIELDING FILM

3.1

Introduction

High gas barrier property is desired for polymeric materials in the domain of flexible electronics
and food packaging65–67. Traditionally, a thin layer of the metal coating (usually aluminum) on the
polymer film is commercially used to impart high gas barrier properties68. This approach not only
leaves a high carbon footprint but also makes the recycling of plastic materials overly
complicated. Petroleum sourced polymers blended with different inorganic nanoclays 69 or 2D
nanosheets70 to make nanocomposite either in a single layer71 or multilayer72 are currently
researched to attain high gas barrier properties. However, multilayer films have a serious issue
with end-of-life disposal and recycling as commonly used mechanical recycling is not compatible
with them and it requires complex solvent targeted recovery followed by precipitation 73. On the
other hand, research on single-layered composites still have compatibility issues between the
matrix (polymers) and filler (usually inorganic materials including clay) and most of the fillers are
not commercially viable74,75. Above all, most polymers are manufactured from non-renewable
sources and have serious health and environmental impact.
Cellulose nanofibrils (CNFs), a form of cellulose nanomaterials (CNMs) with a high aspect ratio
(usually > 100), have gained a considerable amount of attention in the research community as
they can form dense self-assembled structures attributed to strong hydrogen bonding resulting
in high gas barrier properties as well as mechanical strength8,14. The traditional CNF production
process involves the chemical pulping of softwood chips followed by a bleaching process to
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obtain the so-called bleached softwood Kraft (BSK) pulp and subsequent size reduction by
mechanical disintegration through high shear forces8. BSK-derived CNFs (BSK-CNFs) are mostly
pure cellulose as nearly all lignin and hemicellulose are removed during the chemical pulping
process facilitating the fibrillation of the fibers. There are many research articles already available
on the high gas barrier application of neat self-standing CNF films76 as well as blended77,78 or
layered79,80 nanocomposites with other biobased polymers and clay materials. Whatever the
case, the commercialization of CNF-based materials is still a big challenge due to the high cost of
raw materials (e.g. BSK) and energy-intensive production processes (e.g. homogenization,
refining, grinding). Alternative non-woody sources like bast fibers81, fruit stalks82 and agricultural
residues of different crops83,84 are also studied as inexpensive sources. However, all those sources
are not still commercially available on a large scale and require chemical and mechanical
pretreatment even before nanofibrillation increasing the ultimate cost of CNF production.
Paper-based packaging materials like old corrugated containers (OCC) have been recycled for a
long time to minimize waste generation as well as the production cost of packaging materials.
Although the consumption of OCC in the US consistently increased from 2013 with a recent
demand hike due to the pandemic, the OCC waste export is significantly decreased due to recent
market development and complete Chinese prohibition on solid waste import85. As a result, OCC
waste recycling and upcycling have become a crying need for the US economy and environment
and can be an excellent source of CNF production. Recycled OCC is almost ten times cheaper than
the BSK pulp, can be easily repulped, and consumes nearly half of the energy for refining
compared to BSK pulp86. On the other hand, OCC is generally produced from recycled fibers that
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are not usually bleached and goes through the recycling process multiple times making the OCCderived lignocellulosic nanofibrils (LCNFs) a more sustainable option 87. Very recently, some
research groups extracted LCNFs from OCC through mechanical defibrillation and used in paper,
paperboard and film making applications88–90. However, all those works are based on lab-based
small-scale fibrillation processes that may not be relevant for commercial application.
Copenhaver et al first produced LCNFs from recycled OCC through the pilot-scale refiner at the
University of Maine and reported the energy demand for different fines content of LCNF 86. They
also showed the reinforcement property of OCC-LCNF in the polymeric matrix. However, the
oxygen and water vapor barrier properties of the films made out of these recycled nanofibrils are
yet to be explored.
In this chapter, we report the gas barrier and mechanical properties of neat self-standing films
made from OCC-derived LCNFs for the first time. In the beginning, we stabilized the colloidally
unstable OCC-LCNF suspension through the addition of carboxymethyl cellulose (CMC) to obtain
consistent oxygen permeability values. Then we utilized the chemistry of ionic interaction by
trivalent Al3+ ion and covalent bonding by polyamide epichlorohydrin (PAE) to enhance the fiberfiber interaction to improve water vapor and oxygen barrier properties at high relative humidity
(80%) and compared the changes in properties between ionic interaction and covalent bonding.
We revealed the chemical composition and morphological changes induced by the crosslinking
and related them to the properties. The thermal stability of the produced films was also
investigated through thermogravimetric analysis. Finally, the UV-shielding ability and visible light
transmittance of the films were analyzed and reported.
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3.2

Materials and Methods

3.2.1 Materials
Lignin-containing cellulose nanofibrils (LCNFs) were produced from recycled pulp sourced from
old corrugated cardboard at the Process Development Center (PDC), University of Maine. The
PDC supplied the LCNFs as 3 wt.% solid suspensions with a fines content of 70%. Fines content is
defined as the percentage of particles with a length less than 200 µm as measured by a Morfi
Analyzer (Techpap, France). The LCNFs were further ground to 90% fines content using a super
masscolloider (Masuko Sangyo, Model: MKCA6-2/, Kawaguchi, Japan) and the final concentration
was 2 wt.%. The LCNFs contained 16.7% residual lignin, 18.1% hemicellulose along with 61.9%
cellulose29. A detailed morphological analysis of OCC-LCNFs from scanning electron microscopic
images is provided in the supporting information (Figure B.1). BSK-CNFs were also provided from
the PDC in standard 3 wt.% solid content and 90% fines content form and the details about the
morphology of these fibrils can be found in our previous work91. Carboxymethyl cellulose (CMC)
sodium salt (repeat unit, n=500; sodium content= 7.2%; etherification value= 0.7) was purchased
from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan) in powder form. Polyamide epichlorohydrin
(PAE, PolycupTM 9250, solid content = 20%) was kindly donated by Solenis LLC (Wilmington, DE).
Liquid aluminum sulfate (Al2(SO4)3), also known as alum in the paper industry, was supplied as a
aqueous solution containing 48.5% of Al2(SO4)3.14H2O by Chemtrade Logistics Inc. (Ontario,
Canada).
3.2.2 Zeta Potential and Shear Flow Measurement
The zeta potential of all the suspensions was measured by a Malvern Zetasizer (Malvern
Panalytical, UK). The solid content of each suspension was very low (~0.01%). The CNF suspension
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was diluted to 0.01 wt.% from its original 3 wt.% solids using deionized water. From each sample,
at least three measurements were taken to get an average zeta potential of the overall
suspension. Rheological properties of all suspensions with 0.5 wt.% solid content were measured
using an oscillating Discovery HR-2 hybrid rheometer (TA Instruments, DE, USA) with a cone-plate
geometry (angle: 2° 0’ 29”, diameter: 40 mm) at 23°C. Frequency sweep data at 1% strain was
recorded taking 600 µL suspension for each measurement and maintaining a geometry gap of 60
µm. Finally, complex viscosity was calculated using the instrument software.
3.2.3 Film Preparation
The films were prepared by the vacuum filtration method. First, the OCC-LCNF suspension was
diluted to a 0.5 wt.% solid containing suspension. Then, 3 wt.% CMC (based on the dry mass of
OCC-LCNFs) was added to the suspension and sonicated for 2 minutes with 20% output power by
a Branson 450 Sonifier (Ultrasonics Corporation, Danbury, CN, USA). The CMC was expected to
assist dispersing to OCC-LCNFs in suspension and helped form a uniform film, which will be
explained in the results and discussion section. The suspension was then vacuum filtered at a
suction pressure of 254 mm (Hg) on a polyester filter with an average pore size of 41 µm and a
diameter of 11 cm until the time gap between two consecutive drops from the funnel was at
least 20 s. The wet film was then placed between two blotting paper and cold-pressed for 10
minutes to reduce the water content to ~50%, impregnated for 10 minutes in either 50g alum or
PAE baths containing 0.1 wt.%, 0.3 wt.%, or 0.5 wt.% for crosslinking, rinsed and left in a distilled
water bath for 24 hours so that the unabsrobed Al3+ or PAE could leach out. After washing, the
wet film was again cold-pressed for 5 minutes to reduce the water content again so that hot-
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press drying can be performed without the need of any water-absorbing substrate like paper. For
the hot-press drying, the wet film was placed between two stainless steel plates and dried for 10
minutes at 150 °C without imparting any measurable pressure, i.e. the platens were just in
contact reading zero pressure. After hot press drying, the films were further hot pressed at high
pressure (1.1 MPa) and 150 ° for 5 minutes. The reason for this second hot pressing was to
minimize the interlamellar gap in films, which was explained in detail in our previous work. 91 All
films were conditioned for at least 24 hours at 23°C and 50% relative humidity before any
measurements.
3.2.4 Physical and Surface Properties
Density. For density measurement, all conditioned films were cut into specific diameter circles
(9 cm) with a circle cutter and the thickness of each film was measured with a micrometer
(accuracy level = 0.001 mm). At least 10 measurements were taken to obtain the average
thickness value. From the thickness and diameter of each film, the volume was calculated and
then the weight of each film was divided by the corresponding volume to calculate the final
density of each film. At least, three density data were recorded for each sample.
Equilibrium Moisture Content (EMC). First, the films were dried in an oven at 120 °C for 1 hour,
and the dry weights (Wdry) were recorded. Then the dry films were conditioned at 23 °C and 50%
relative humidity for 48 hours and the weights (Wmoist) of moisture-absorbed films were
recorded. The EMC was calculated from Eq. (3.1)
EMC (%) =

𝑊𝑚𝑜𝑖𝑠𝑡 − 𝑊𝑑𝑟𝑦
𝑊𝑑𝑟𝑦

× 100%

(3.1)
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Surface Free Energy. A Kruss mobile surface analyzer (Hamburg, Germany) was used to measure
the surface free energy of each sample using the double sessile drop technique. In this technique,
1 µL of liquid water (as a polar probe) or diiodomethane (as a non-polar probe) was dropped onto
the surface of the films and contact angles were measured after 2 s. From these two contact
angles, surface free energies were calculated using the Owens, Wendt, Rabel, Kaelble (OWRK)
method41. At least 10 measurements were taken from each sample to calculate an average value
of water contact angle and surface free energy.
3.2.5 Mechanical Testing
Tensile testing was performed for all the prepared samples. Each sample was cut into 5 cm × 1
cm strips before testing. An Instron 5942 Universal Mechanical Testing Machine (Instron, MA,
USA) was used for tensile testing with a 500 N load cell. The test was performed at a gauge length
of 2 cm and displacement rate of 2 mm/min. Tensile strength, tensile strain at break, and tensile
modulus were calculated from the recorded force-displacement curves. For the wet strength
measurement of films, similar parameters and strip size were used. The strips were soaked in
water for 1 hour and then excess water was removed with blotting paper and then tested
immediately in Instron.
3.2.6 Water Vapor Permeability
The water vapor transmission rate (WVTR) was measured with a simple gravimetric technique
following a modified ASTM E96/E96M-16 procedure. The process involved measuring the weight
loss of a mason jar within a 24-hour time difference that indicated the moisture loss through the
film (Δmass). Initially, 60 g of water was added to the jar and the top of the jar was covered with
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circular films with a diameter of 65 mm (radius, r = 32.5 mm). A metal cap and silicone rubber
gasket were used to lock and seal the film firmly. Then the jar was kept in a conditioning chamber
with 50 % relative humidity at 23 °C. The initial weight of the jar was taken after 48 hours so that
the films had enough time to reach the steady state, and the second weight was taken after one
day from the initial weighing. The WVTR can be calculated using Eq. (3.2)
WVTR =

𝛥𝑚𝑎𝑠𝑠

(

𝑔

𝛱𝑟 2 .𝑑𝑎𝑦 𝑚2 .𝑑𝑎𝑦

)

(3.2)

The WVTR water vapor permeability (WVP) was calculated from WVTR through Eq. (3.3) using
the thickness of the film and partial pressure difference of water vapor across the film.
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ×100

WVP = WVTR × 𝑃

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 × 𝛥𝑅𝐻%

𝑔.𝑚𝑚

(𝑚2 .𝑑𝑎𝑦.𝑘𝑃𝑎)

(3.3)

where Psaturated indicates saturated vapor pressure (2.81 kPa) of water at 23 °C and ΔRH% indicates
the difference in relative humidity inside (100%) and outside (50%) of the jar.
3.2.7 Oxygen Permeability
The oxygen transmission rate (OTR) of the films was measured according to the ASTM D398517 method with a Mocon Ox-Tran 2/22 oxygen permeation analyzer at 23° and 80% relative
humidity. All films were conditioned at 23°C and 80% relative humidity for 24 hours before
testing. The testing process involved placing the circular films onto a cartridge with a testing area
of 5.64 cm2 and conditioning them again for six hours inside the instrument at 80% relative
humidity. The analyzer recorded OTR values every 15 minutes and cleaned the sensor with a gas
mixture of 98% N2 and 2% H2 for 15 minutes after two consecutive values and continued testing
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until the differences among the last five OTR values were less than 1% (convergence method).
Then OTR values were thickness normalized to obtain oxygen permeability (OP) values.
3.2.8 Microscopic Analysis
A scanning electron microscope (SEM) (NVision 40, Zeiss, Germany) was utilized to observe the
microscopic structure of the film surfaces and cross-sections. All specimens were sputter-coated
with Au/Pd for 4 nm to avoid charge accumulation. For the cross-sections, the films were freezefractured with liquid nitrogen and then sputter coated. The images were taken at various
magnifications with a working distance ranging from 5 mm to 8 mm at 3 kV voltage.
3.2.9 Spectroscopic Analysis
FTIR. Attenuated total reflection (ATR) infrared spectroscopy (IR) was performed on the films
to characterize the functional groups present in the films and possible changes in them after
cross-linking. A PerkinElmer Spectrum TwoTM Fourier Transform Infrared Spectrophotometer
(FTIR) was employed for the scanning range from 4000 cm-1 to 450 cm-1 with a spectral resolution
of 4 cm-1. A total of 32 scans were performed on each specimen and combined in Spectrum 10
(PerkinElmer) software to obtain the average. All the obtained spectra were baseline corrected
and normalized against the intensity of the peak at 1024 cm-1 using the same software.
UV/Vis. The films’ transmittance in the visible region of the spectrum (400 nm – 800 nm), as
well as the ultraviolet region (200 nm – 400 nm), was measured using a Lambda 365+ PerkinElmer
double beam spectrophotometer. The machine had an internal setup to hold and measure the
transparency of films and did not require a cuvette or sample holder for measurement.
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3.2.10 Thermal Analysis
Thermogravimetric analysis (TGA) (Q500, TA Instruments, DE) was carried out to study the
effect of ionic interaction and covalent bonding on the thermal stability of the films. A 9-10 mg
specimen was cut from each sample for thermal analysis. A test run started at room temperature
and ended at 600 °C with a temperature ramp of 10 °C/minute in an inert medium of nitrogen at
a flow rate of 40 mL/min. Important parameters like onset temperature, maximum degradation
temperature, and residual content were recorded from the TGA curves and corresponding
derivative (DTG) curves for further analysis.
3.2.11 Statistical Analysis
Analysis of variance (ANOVA) was performed to analyze the effect of crosslinker type and the
concentration of the crosslinker bath on the mechanical and barrier properties. All the analysis
was performed by the IBM SPSS 28 (IBM Corporation, NY) with a level of significance of 0.05.
Duncan’s posthoc analysis was also run by the same software to classify the effects based on
their group means.
3.3

Results and Discussion

3.3.1 Addition of CMC to LCNF Suspension
Being recycled material in nature, OCC-LCNFs contained a complex composition of organic and
inorganic materials86. Although the LCNFs derived from wood pulp were reported to contain
some surface charge92, OCC-LCNFs were found to have a zeta potential as low as -3.83 mV in this
study indicating a lower amount of surface charge. This low surface charge can be attributed to
the incorporation of different additives and minerals during the OCC manufacturing process.
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Additionally, the pulp for LCNFs does not undergo a bleaching process, which reduces the number
of acidic groups on fiber surfaces. This low surface charge led to the agglomeration of LCNFs
resulting in a huge variability in fiber distribution and final film properties. While testing the
oxygen permeability of neat LCNF films, some of the samples randomly failed due to the
extremely high oxygen transmission rates (typically >3000 g/m2.day) and even those passed
exhibited a coefficient of variation of 36% (Figure 3.1a). The agglomeration phenomenon of OCCLCNFs and huge standard deviation in final properties of films were also reported by other
research groups. Copenhaver et al (2021) reported the agglomerated morphology of OCC-LCNFs
after spray drying86. Kelly et al (2021) observed the huge randomness in peel strength values of
OCC-derived LCNF applied as an adhesive between two paper substrates44. These reports and
our observation led us to the conclusion that the suspension of LCNFs must be stabilized before
film formation.
The adsorption of long polymeric chains on the surface of nanoparticles, which can act as a
barrier between nanoparticles, is one of the common strategies for stabilizing nanoparticle
suspensions93. If the polymer surface is charged i.e., a polyelectrolyte, the repulsion between
the polymers can also ameliorate the stability of the whole suspension. This idea prompted us to
incorporate CMC into our LCNF suspension as CMC can form hydrogen bonding with cellulose
and carboxylate group in CMC can provide negative charge. Being nearly charge-neutral, OCCLCNFs had a greater potential of CMC adsorption than charged CNFs as there was no repulsive
force between LCNFs and CMC chains caused by the same type of charge. CMC, on the other
hand, can provide carboxylate groups that can serve as an active site for crosslinking detailed in
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the latter portion of this study. As we increased the proportion of CMC from 1 wt.% to 5 wt.%
relative to the mass of LCNFs, the zeta potential of the suspension showed a gradual decrease
(Figure 3.1b) that can be related to the high stability of the overall suspension. Even 1% addition
of CMC to LCNF suspension changed the zeta potential from -3.83 mV to -25.50 mV due to the
high surface charge of CMC chains.

Figure 3.1. (a) Oxygen permeability values of pure LCNF film (* indicates values that were under
the detection limit of the machine) and carboxymethyl cellulose (CMC) treated LCNF films at
different concentrations; (b) with the addition of CMC zeta potential decreased and filtration
time increased; (c) complex viscosity vs angular frequency graph showing shear thinning
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behavior of LCNF suspension with and without the addition of CMC; (d) optical microscopic
images of pure LCNF and 3 wt.% CMC added LCNF (sLCNF) dried from similar concentrations.
The addition of CMC to LCNF suspension changed the rheology of the suspension as well. The
complex viscosity change over shear rate is an important parameter that can control the
processing and final film properties. From Figure 3.1c, it was apparent that the complex viscosity
of LCNF suspension decreased with increasing shear rate indicating the shear-thinning
characteristic of LCNF suspension. This behavior is a well-studied phenomenon for CNFcontaining suspensions94. When there is no shear stress, the LCNFs are entangled and attracted
to each other through hydrogen bonding and van der Waals force, which eventually disentangle
and become free to move at high shear rates95. As expected, with the addition of CMC, the
viscosity gradually decreased due to the inhibition of particle aggregation resulting in a gradual
increase in filtration time with the gradual increase of the CMC percentage (Figure 3.1b).
Therefore, the benefit of CMC addition was counteracted by the longer dewatering time
compelling us to select an optimum amount of CMC addition. In this study, 3 wt.% CMC was
determined as the most optimum concentration as it maintained a sufficient zeta potential for a
stable colloidal suspension (- 30 mV) with a filtration time (~ 15 min) close to that of a BSK-CNF
suspension with similar parameters (~ 12 min). In the following parts of this paper, we used this
3% CMC stabilized LCNFs, which we referred to as ‘sLCNF’.
3.3.2 Mechanism of Crosslinking and Microstructure Analysis of the Films
As mentioned in the preceding section, the addition of 3 wt.% CMC to OCC-LCNF suspension
neither improved nor deteriorated the oxygen permeability values of films. However, the
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presence of carboxylate groups created the opportunity to crosslink the fibrils either by ionic
interaction or covalent bonding to improve the gas barrier properties and mechanical strength
of the films. For ionic interaction, a trivalent ion Al3+ (from alum solution) was utilized to replace
the Na+ group in CMC during the soaking process. The presence of a trivalent ion in the wet mat
can bring the fibrils closer through electrostatic interaction during the drying process resulting in
a more compact system96. In contrast, the PAE is a well-established wet strength resin used in
the paper industry. Obokata & Isogai (2007) first reported the mechanism by which PAE improved
the wet strength of cellulose sheets97. In brief, the PAE chain is adsorbed onto the anionic
carboxylate group of cellulose fiber, and after the curing process at high temperature, a new
ester bond is formed between the cationic azetidinium group and the anionic carboxylate group
of cellulose fiber (Figure 3.2a). In addition to crosslinking with cellulose fibers, PAE chains can
self-crosslink to some extent through similar ester linkage as PAE chains contain carboxylic acid
groups at the end of their chains. This crosslinking even may happen at room temperature, albeit
at a slower rate77. Sharma & Deng (2016) also reported that this crosslinking not only improved
the wet strength but also the dry strength of cellulose nanofibril films through a dual mechanism
of crosslinking and hornification that occurred during the curing process at high temperature98.
A recent report also described a similar crosslinking mechanism between the CMC and PAE
chains, which is more indicative of our system under study99.
To confirm if similar ester linkage occurred in our films, we performed FTIR analysis as illustrated
in Figure 3.2b,c. However, due to the presence of lignin and other additive materials in OCCLCNFs, the FTIR spectra of pristine LCNF films showed a wide range of functional groups including
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the majority of the functional groups expected to be present after crosslinking. As a result, we
had to normalize all the spectra by the invariant cellulose peak at 1024 cm -1 to at least have a
relative understanding of the existence of various functional groups. First, the characteristic
broad bands of -OH stretching (~3300 cm-1), -CH stretching (~2900 cm-1), and -CO stretching
(~1050 cm-1) for cellulose fibers were observed across the entire scanning wavelength (Figure
3.2b). In addition to cellulose peaks, two distinct peaks were also visible at 1510 cm -1 and 1590
cm-1 linked with the C=C stretching of aromatic rings present in lignin86. As a result, the peak of
the sodium carboxylate group (~1590 cm-1) after the addition of 3 wt.% CMC to LCNF film
overlapped with pure LCNF film at that point. However, the slight increase in relative intensity
was visible in Figure 3.2c. On the other hand, there was no difference between sLCNF and alumtreated films (sLCNF treated in 0.3 wt.% alum or 0.3 wt.% PAE bath was taken as a representative
for all alum-treated and PAE treated films, respectively), even after normalizing the curves, as
ionic interaction was not anticipated to modify or form new chemical bonding. The most distinct
curve was demonstrated by the PAE-treated film. A sharp peak (Figure 3.2c) with greater relative
intensity at 1740 cm-1 was a clear representation of ester linkage in the film. Intriguingly, a new
peak at ~1710 cm-1 appeared for PAE-treated films, which could be associated with the carboxylic
acid group present at the end of some of the PAE chains 97. The sharp peaks at 1645 cm-1 and
1547 cm-1 represented the amide in PAE chains further confirming the presence of PAE in the
system.
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Figure 3.2. Schematic of one possible thermally induced crosslinking reaction between
carboxymethyl cellulose (CMC) and polyamide epichlorohydrin (PAE) (a) and corresponding
FTIR spectra at full scale (4000-450 cm-1) (b) and the scale (c) of interest for crosslinking (18001000 cm-1) for LCNF, 3% CMC stabilized LCNF (sLCNF), sLCNF treated in 0.3 wt.% alum or 0.3
wt.% PAE bath.
Figure 3.3a-f illustrates the morphological changes on the surface and cross-section of the films
induced by the ionic interaction and covalent bonding using SEM. From the cross-section images
(Figure 3.3a-c), the lamellar structure of OCC-derived LCNF films was evident, which is regarded
as a characteristic structure in cross-section of CNF films and has been reported by many other
researchers16,34. Image analysis revealed an average sLCNF thickness of 61 ± 4 µm, while those of
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the films treated with alum or PAE were 44 ± 8 µm and 39 ± 5 µm, respectively. This indicated
some vertical shrinkage induced by the ionic interaction and covalent bonding. However, the
thickness measurement with a micrometer on the wider area of the films also suggested a similar
trend as listed in Table 3.1. However, the most prominent features were identified on the surface
SEM images (Figure 3.3d-f). Nano-scale pores with an average diameter of 372 ± 220 nm were
detected on the surface of untreated sLCNF films. At the same magnification, no such pores were
visible for alum treated and PAE treated films leading us to the expectation of lower oxygen gas
permeability of those films. Moreover, only the alum-treated films showed unique crystal
structures on the surface. That crystal deposition is most likely caused by the physically
entrapped Al3+ ions that turned into crystals after the evaporation of water.

Figure 3.3. Scanning electron microscope images of cross-sections (a, b, c) and surfaces (d, e, f)
of neat 3% carboxymethyl cellulose stabilized LCNF films (a, d) and after treating at 0.3 wt.%
alum (b,e) and 0.3 wt.% polyamide epichlorohydrin (PAE) solution baths.
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Table 3.1 Density, Thickness, Equilibrium Moisture Content (EMC), Water Contact Angle (WCA),
and Surface Free Energy (SFE) values of 3 wt.% Carboxymethyl Cellulose Stabilized LCNF (sLCNF)
Films, as well as Alum/Polyamide Epichlorohydrin (PAE) Treated sLCNF Films
0.1 wt.% Bath

0.3 wt.% Bath

0.5 wt.% Bath

sLCNF

Alum

PAE

Alum

PAE

Alum

PAE

Density (g/cc)

0.98 (1.4)*

0.96 (2.6)

1.10 (2.2)

0.96 (1.8)

1.15 (0.9)

0.98 (1.3)

1.12 (5.3)

Thickness (µm)

70 (2.2)

68 (2.8)

57 (1.3)

68 (1.2)

51 (5.1)

65 (16.5)

58 (10)

EMC (%)

7.14 (0.3)

7.25 (3.3)

5.8 (0.5)

7.28 (0.1)

5.0 (6.9)

7.33 (0.5)

5.26 (4.3)

WCA (°)

82.7 (11.3)

91.1 (12.1)

92.7 (15.2)

90.4 (11.4)

96.2 (8.0)

90.3 (14.3)

92.2 (5.4)

SFE (mN/m)

33.3 (27.6)

32.3 (31.2)

30.6 (33.0)

33.6 (21.0)

29.1 (17.2)

28.8 (47.6)

30.7 (17.8)

*The

values in parenthesis indicate coefficient of variation

3.3.3 Oxygen and Moisture Barrier Properties of Cross-linked Films
The oxygen permeability value of 3 wt.% CMC stabilized LCNF (sLCNF) film was found to be 1478
cc.µm/m2.day.atm at 80% relative humidity, which was more than two times higher than that of
the BSK-CNF films produced following the same procedure. One point worth mentioning here is
that almost all lignocellulosic materials have an excellent oxygen barrier at low relative
humidity,17,100 e.g., 50%, but exponentially lose this feature at high relative humidity motivating
us to select 80% relative humidity for oxygen transmission rate testing. The higher oxygen
permeability of sLCNF films in this study could be attributed to the presence of lignin or other
foreign substances including dyes, and adhesives, which can considerably disrupt the hydrogen
bonding between fibers or generate interfacial pores that facilitate the passage of oxygen. To
strengthen the interaction between fibrils and reduce the micropores in films, we introduced Al 3+
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(from alum solution) as an ionic interaction species with negatively charged carboxylate groups
and PAE as a covalent crosslinking agent. As shown in Figure 3.4a, alum and PAE significantly
reduced the OP values. However, PAE-treated films showed considerably lower permeability
than the alum-treated ones. On average, alum-treated films showed 18% less OP than the sLCNF
films, whereas PAE-treated ones showed a 40% reduction. The higher reduction by the PAE can
be attributed to the higher density and less susceptibility to moisture in PAE-treated films as
shown in Table 3.1. PAE-treated films, on average, showed 16% higher density than the alumtreated ones leading to a less porous system that eventually blocks the oxygen molecules'
movement through the films39. Moreover, PAE-treated films showed 27% lower EMC than the
alum-treated samples resulting in more moisture sorption in the latter one. The higher moisture
sorption can cause swelling of the fibrils disrupting the chain linkage and working as a medium
for oxygen dissolution facilitating the oxygen transfer101,102. Aside from crosslinker type, the
concentration of alum/PAE bath significantly controlled the OP values. The concentration of the
alum/PAE bath did not exhibit a linear relationship with the oxygen permeability values. While
treating at 0.3 wt.% bath showed the lowest OP values which were very comparable with the OP
value of BSK-CNF films prepared similarly (630 cc.µm/m2.day.atm), the OP values increased again
soaking at 0.5 wt.% bath for both crosslinkers turning 0.3 wt.% as the most optimum one. The
reason for this increase was not very clear and needs a detailed study. But one potential
explanation is that at 0.3 wt.% the crosslinkers might have maximum crosslinking density and
efficiency. Beyond that concentration, accumulation of non-interacted alum or unreacted PAE
occurred, negatively affecting the overall oxygen barrier system. The OP of films treated in 0.3%
alum or 0.3% PAE bath was lower than most of the petroleum based packaging materials
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including polyethylene terephthalate, polyethylene and polypropylene14. In Table B.1, the oxygen
permeability values of the films studied here are compared with the values of some other
biobased and petroleum-based packaging materials.

Figure 3.4. Changes in oxygen (a) (23 °C & 80% relative humidity) and water vapor (23 °C &
100/50% relative humidity difference) (b) permeability values of 3 wt.% carboxymethyl
cellulose containing LCNF films (sLCNF) before and after treating in different concentrations of
alum and polyamide epichlorohydrin (PAE) bath.
In terms of water vapor barrier properties, LCNF films were more advantageous due to the
presence of a greater amount of lignin than the BSK-CNF films. The vapor sorption of cellulose
nanomaterial films is, in general, mostly controlled by the surface properties rather than the
core103. Consequently, the presence of lignin in the surface layer works as a strong barrier to
water molecules, thereby minimizing the overall absorption from the environment. Even sLCNF
films without any crosslinking showed 10% lower WVP than the BSK-CNF films. Notably, alum
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treatment to the films did not appreciably alter the WVP values. Although treating at 0.1 wt.%
alum bath slightly reduced the WVP (9%) compared with the sLCNF films, there was a gradual
increase in WVP beyond that point. In a previous study from our group, it was shown that the
addition of alum to the bulk CNF and LCNF suspension can significantly reduce the liquid water
permeability of the films96. In this study, the liquid water contact angle values for alum-treated
films were also higher compared to sLCNF films as listed in Table 3.1. However, they behaved
differently for water vapor and the reason for that might be associated with the interaction
between water vapor and the surface alum crystals. On the other hand, PAE-treated films showed
excellent water vapor barrier properties. On average, the PAE-treated films showed 18% lower
WVP than the sLCNF films. The reason for this reduction can be attributed to the reduced porosity
on the surface, the loading of the more hydrophobic portion from PAE to the film and the ester
linkage itself77. As cellulose based materials are inherently hydrophilic, it is a major challenge for
the commercialization of such materials to have low water vapor permeability. This study
demonstrates that the addition of lignin and chemical crosslinking can reduce the water vapor
permeability of films more effectively than BSK-CNF films, while maintaining a competitive
oxygen barrier at high relative humidity.
3.3.4 Mechanical Properties
Along with high gas barrier properties, sufficient mechanical properties are desired for
packaging films. Figure 3.5a-c depicts the tensile strength, strain at break, and tensile modulus of
all the formulations, respectively. The tensile strength and modulus of lignin-containing CNF films
varied considerably in the literature. Rojo et al (2015) studied the effect of residual lignin on the
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mechanical properties of CNF films and concluded that the mechanical properties of CNF films
are insensitive to residual lignin content as the negative effect of hydrogen bonding interruption
was mitigated by the softening and binding behavior of lignin during high-temperature hot
pressing100. On the other hand, Amini et al (2020) reported lower strength and modulus of OCCLCNF films compared to BSK-CNF films, which is more consistent with our system29. In our study,
we found our sLCNF films showed 27% and 28% lower strength and modulus, respectively than
the BSK-CNF films. This lower value of OCC-LCNF films, opposite to virgin unbleached softwood
Kraft pulp LCNF films, can be caused by the different impurities present in the films, which
permanently interrupted the hydrogen bonding without imparting any binding property as the
residual lignin does through softening at high temperature. Moreover, although both BSK-CNFs
and OCC-LCNFs are prepared at 90% fines content, the morphological properties of the two
systems are essentially different, leading to differences in mechanical properties.
It is quite evident from Figure 3.5a-c and statistical analysis that crosslinker type significantly
influenced the mechanical properties. These differences existed even after density normalization
of the strength and modulus. Therefore, the changes in properties were caused by cross-linking
itself. In general, alum-treated samples did not show any significant differences in tensile
properties compared to sLCNF films. Li et al also reported that tensile strength and modulus were
insensitive to ionic interaction with copper ion (Cu2+)104. This can be attributed to the reversible
and weak nature of ionic interaction, especially in a system where only 3 wt.% CMC was used as
anionic sites to attract cationic Al3+. Benefits in mechanical properties from ionic interaction can
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be anticipated in a highly charged system like 2,2,6,6-tetramethylpiperidine-1-oxyl(TEMPO)oxidized CNF as reported previously105.
PAE is one of the widely used polymers in paper industries to improve the wet strength of
paper-based materials106. Therefore, PAE significantly improved the tensile strength and modulus
of sLCNF films, even in a dry state. On average, PAE-treated films showed 28% higher tensile
strength and 68% higher modulus than untreated films. Even treating at 0.1 wt.% PAE bath turned
the sLCNF films stiffer than the BSK-CNF films prepared similarly. The main driving force for this
improvement can be attributed to the new covalent bonds created by the reaction between
azetidinium groups and carboxylate groups98. The other factor that can slightly contribute
towards improved strength is the low EMC of PAE-treated films that protected the compact
hydrogen bonding between fibers from moisture. Interestingly, the increase in tensile strength
continued from 0.3 wt.% PAE bath treatment to 0.5 wt.% PAE bath treatment as opposed to
barrier properties, although the density decreased in that range, indicating the unreacted or selfcrosslinked PAE chains did not affect the tensile properties rather it contributed towards the
improvement of strength and modulus. Tayeb & Tajvidi (2018) also reported a similar observation
as their PAE uncured CNF films showed higher strength than the neat CNF films 63. But the tradeoff for covalent crosslinking was observed in tensile strains. Evidently, the linkage between fibers
restricts the mobility of fibers, hence diminishing the flexibility of the films. PAE-treated films, on
average, showed 33% lower strain than the sLCNF films, which in turn showed almost half of the
strain of BSK-CNF films (11.2%). The wet strength measurement data of PAE and alum treated
films (Figure B.3) followed an exactly similar trend for strength, strain, and modulus with lower
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absolute values in strength and modulus, and higher absolute values in strain due to the effect
of plasticization induced by liquid water63.

Figure 3.5. Tensile strength (a), strain at break (b), and modulus (c) of 3% carboxymethyl
cellulose loaded LCNF (sLCNF) films and corresponding mechanical properties after treating at
different concentrations of alum/polyamide epichlorohydrin (PAE) bath. The dashed lines
indicate corresponding values of bleached softwood kraft pulp-produced CNF (BSK-CNF) films.
3.3.5 Thermal Properties
The thermogravimetric (TG) analysis is a useful method to evaluate the changes in thermal
stability caused by the CMC addition and cross-linking processes. The TG and corresponding
derivative (DTG) curve (Figure 3.6a,b) showed a steep degradation occurred within the range of
190 °C – 360 °C. The most significant features of these zones are the onset temperature (Tonset),
the temperature at which degradation starts, and the maximum degradation temperature (Tmax),
the temperature at which the rate of decomposition is maximum. All these parameters with
some other quantities of LCNF, sLCNF, 0.3 wt.% alum or PAE treated films are listed in Table B.2.
The addition of 3 wt.% CMC to LCNF (sLCNF) decreased the onset temperature from 203 °C to
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190 °C and the maximum degradation temperature from 337 °C to 310 °C. The carboxymethyl
groups in CMC caused the earlier initiation of degradation and maximum degradation rate than
parent LCNF film as reported by others107. On the other hand, alum treatment on sLCNF films
increased the Tonset and Tmax to 205 °C and 330 °C, respectively, demonstrating improved thermal
stability. The enhanced thermal stability can be attributed to the interaction between the Al 3+
ions and the carboxylate groups in CMC as reported in a previous study108,109. However, the
chemical crosslinking by PAE did not improve the thermal stability of sLCNF films. The onset
temperature was 191 °C and two maximum degradation temperatures were recorded at 310 °C
(Tmax1) and 326 °C (Tmax2). Tmax1 exactly matched the maximum degradation temperature of sLCNF
denoting the degradation of uncrosslinked zones, while Tmax2 could be more representative for a
crosslinked portion of the films as the new covalent bonds were expected to increase the thermal
stability110. The third peak around 500 °C was also observed for PAE treated films, the origin of
this third peak was unclear, but potentially associated with the compositional feature of PAE itself
as multiple peaks from 200 °C to 500 °C were reported on neat PAE film in a previous study 77. As
a result of this third peak, the residue content of PAE-treated film was the lowest (19%), while
the other films’ residue content ranged between 26% to 30%.
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Figure 3.6. Thermogravimetric (TG) (a) and derivative thermogravimetric (DTG) (b) curves of
LCNF, 3% CMC stabilized LCNF (sLCNF), sLCNF treated in 0.3 wt.% alum and polyamide
epichlorohydrin (PAE) bath.
3.3.6 UV-Vis Transmittance
The presence of phenolic structures in lignin is primarily responsible for the well-known UVprotectiveness of LCNF films111. Generally, the UV region (200-400 nm) is divided into three major
sub-regions: UV-A (320-400 nm), UV-B (280-320 nm), and UV-C (200-280 nm). In all previous
studies, lignin-containing cellulose nanofibril films were reported to block different regions of UV
lights depending on the percentage of lignin and lignin types111,112. In our study, the LCNF films
showed almost zero percent transmittance (Figure 3.7) in the entire UV-A, UV-B, and UV-C
regions, i.e. complete UV-shielding performance of the films. This complete blockage of UV light
can be attributed to the high percentage of residual lignin in our LCNF films (16.7%). Such high
UV-blocking is important for food packaging applications to stop the generation of oxygen free
radicals and prevent the oxidation of lipids and degradation of antioxidants and vitamins 113.
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As a trade-off of high lignin content, the visible light transmittance of our films was very low. All
films showed transmittance below 2%. This low transmittance of visible light can be attributed
to the high content of residual lignin that not only absorbed light but also caused the scattering
of light from the particle surfaces111. The presence of different foreign substances can also impact
the absorbance of light. Within this 2% transmittance, however, there was a trend between
different samples. The increased transmittance order between the samples were- sLCNF_0.3%
PAE treated > sLCNF_0.3% Alum Treated > sLCNF > LCNF. This trend is expected as it is well
aligned with the thickness reduction of films, i.e. the lower the thickness, the higher the
transmittance.

Figure 3.7. UV-Vis Spectra of neat LCNF, 3 wt.% carboxymethyl cellulose stabilized LCNF (sLCNF)
before and after treating in 0.3 wt.% alum and polyamide epichlorohydrin (PAE) bath; all the
curves overlapped in the UV region (200-400 nm) appearing as a single curve.
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3.4

Conclusions:

In this chapter, an inexpensive and less energy-demanding source of cellulose nanofibril
production was used to create a robust, gas barrier and UV-protective film. The OCC-LCNF
suspension was colloidally unstable and caused enormous unpredictability in oxygen
permeability values. The addition of 3 wt.% CMC to LCNF suspension adequately stabilized the
oxygen permeability values. However, the oxygen permeability value was considerably greater
than that of corresponding BSK-CNF films. Treating films in 0.3 wt.% alum bath or 0.3 wt.% PAE
bath reduced the oxygen permeability values to 894 cc.µm/m2.day.atm and 780
cc.µm/m2.day.atm, respectively. In general, covalent crosslinking was more suitable for high gas
barriers and mechanical strength. However, the drawback of covalent bonding was the reduction
in strain at break. The thermal stability was decreased by the addition of CMC, which was later
improved by the alum treatment. PAE-treated films were also more prone to the thermal
degradation. All films studied here showed complete UV-shielding due to high lignin content. This
work has shown that OCC-derived LCNF can give competitive properties for food packaging
compared to its BSK pulp-derived counterpart. However, a lot of unknown foreign substances
present in the OCC-LCNF can cause contamination to food items for food packaging applications.
Therefore, future research direction should involve a thin coating or lamination of a very thin
layer of pure CNF, LCNF, or any non-toxic biopolymer on top of the OCC-LCNF film to avoid
potential contamination during food contact.
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4

CHAPTER 4: SYNERGISTIC INFLUENCE OF RADIAL SHRINKAGE AND VERTICAL SHRINKAGE
IN CELLULOSE NANOFIBRIL FILMS TO CONTROL THEIR STRENGTH, TOUGHNESS, AND
BARRIER PERFORMANCE

4.1

Introduction

Food packaging, advanced electronics, and optics rely heavily on polymeric films with excellent
gas barrier and mechanical performance, yet many of these films have performance limitations
for the desired application or pose serious environmental and sustainability concerns114–116. A
viable biobased substitute for the petroleum-based polymeric films is cellulose nanofibril (CNF)
film. CNFs, a mechanically defibrillated form of wood pulp with a high aspect ratio (4-20 nm wide
and 0.5-2 µm long)8 have gained increased attention for developing high-strength films117, as a
filler in polymeric matrix118, as a binder for wood particles and natural fibers23, and high gas
barrier applications in food packaging14.
The pristine CNF films are typically formed from their liquid hydrocolloids through the
evaporation of water. The film of CNFs can be formed by a simple casting method that allows
drying the film at room temperature, which eventually takes a considerable amount of time.
However, a more scalable approach for CNF film making is a vacuum filtration process that first
forms a wet mat through a significant reduction in water content. Ultimately, this wet mat needs
to be dried in air or at elevated temperatures in an oven or hot-press91. Therefore, drying is a key
step to control the final cost and properties of CNF films. However, cellulose-containing materials
(including wood) are considered compressible multiscale porous materials as they are susceptible
to fracture or shrinkage during drying in unrestrained conditions due to capillary drying
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stresses119. As a result, the drying-induced shrinkage of CNF films has been reported in numerous
research studies34,120. Where shrinkage is undesirable, such as in the production of foams and
aerogels, special drying procedures including freeze-drying, supercritical drying, and microwaveassisted drying are applied to avoid shrinkage121,122.
Understanding different processes and characteristics involved in drying CNF films including
shrinkage from a wet mat is crucial to understanding the final dry film properties. Qing et al
(2015) were the first to report changes in the structure and mechanical properties of dry films
produced by air, oven, and freeze-drying techniques33. As a supplement to this work, our group
conducted a detailed analysis of the mechanical as well as barrier performance of refinerproduced CNF films induced by air, oven, heat-gun, and hot-press drying, as well as a thermal
compression effect on the dried films91. Ghasemi et al (2020) showed that the orientation of the
CNF films can be influenced by stretching and controlled drying (restrained and unrestrained
drying) and developed a polarized light microscope-based method to quantify the orientation of
fibrils in CNF films31. Fein et al (2021) provided a comprehensive investigation of the impacts of
casting and filtration techniques on the final mechanical and water vapor barrier properties of
the films and illustrated a skin-core model for the formation of CNF films from wet suspension34.
To the best of our knowledge, however, there is no detailed investigation on the influence of
shrinkage on the mechanical and gas barrier properties of refiner-produced CNF films.
Understanding the relationship between shrinkage and the ultimate properties of CNF films can
be critical. For example, tensile strain at break values of films made from the same refinerproduced neat CNF films varied from 2% to 20% in the literature 29,31,34,36. This significant variation
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across films made from the same material may be explained by the variation in testing
parameters and film dimensions, as well as the variation in the shrinkage caused by the different
film preparation techniques. Ghasemi et al (2020) highlighted in their research a potential change
in the strain at break difference due to shrinkage31. Shrinkage is anticipated for cast CNF films as
the suspension dries without any pressure or constraint that can interfere with the natural
tendency of CNFs to shrink. For the filtered wet mat, researchers prefer the restrained drying to
prevent the curling of films upon drying, which would complicate further testing of films’
different properties. However, the prevention of shrinkage may be responsible for the loss of
some desired properties for the target application, which is yet to be explored for neat CNF films.
At the minimum, based on some shrinkage studies conducted on the wet paper mat on an
industrial and laboratory scale, it is obvious that shrinkage offers substantially greater
extensibility in dry paper/paperboard123,124. Even industries employ special processes like Clupak
and Expanda to improve in-plane compaction and creping coupled with shrinkage for the
manufacturing of high extensibility papers125. However, none of the studies on wet paper mats
linked shrinkage to barrier performance as paper is not expected to have good gas barrier
properties anyway, which is not true for CNF films.
In this study, we aimed to present a simple but comprehensive insight into the changes in
physical, mechanical, and barrier performance caused by the shrinkage of circular CNF films
produced by a simple vacuum filtration. We divided the shrinkage into two distinct directions,
the shrinkage in the radial direction (referred to as ‘xy-shrinkage’ and measured by the
percentage change in the diameter) and the shrinkage in the vertical direction (referred to as ‘z71

shrinkage’ and measured by the percentage change in thickness), to clearly understand the
contribution of each component instead of traditional volumetric shrinkage. We prepared two
sets of films, one with a greater xy-shrinkage (referred to as ‘xy’ film) and one with no xyshrinkage (referred to as ‘z’ film). However, both films, including the one referred to as xy film,
experienced z-shrinkage, i.e., thickness reduction, albeit the relative amount of z-shrinkage
varied. Inspired by our previous work, we were also motivated to quantify the influence of
thermocompression on dry xy and z films and referred to them as ‘xy-z’ and ‘z-z’, respectively.
Finally, an illustrative structural understanding of the film's surface, core structure, and
monolayer formation induced by the shrinkage was demonstrated and linked to the mechanical
and barrier properties, which can have a significant impact on future efforts to explain refinerproduced CNF films’ behavior.
4.2

Materials and Methods

4.2.1 Materials
CNFs in the form of 3 wt.% (solid content) slurry were kindly provided by the Process
Development Center, University of Maine. They were produced from northern softwood kraft
pulp using a low-energy demanding refiner following a patented technique.37 The final fines
content of these CNFs was 90%, i.e., 90% of fibrils had a length less than 200 µm. The mean
diameter of these fibrils obtained from TEM was 37 nm and the mean roughness measured by
AFM was 133 nm. A detailed morphological analysis of the same fibrils was described (referred
to as ‘standard CNFs’) in Chapter 2.
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4.2.2 Film Preparation
CNF films were produced through a vacuum filtration method. The CNF suspension was first
diluted to 0.5 wt% by adding distilled water. The suspension was then sonicated for two minutes
using a Branson 450 Sonifier (Ultrasonics Corporation, CT, USA) at 20% output power. For the
filtration setup, a ceramic Buchner funnel with an internal diameter of 11 cm was placed on a
conical flask and coupled to a suction pump that maintained a 254 mm (Hg) suction pressure. A
Whatman Grade 5 (2.5 µm pore size) was used as the membrane for filtration and the filtration
was continued until the interval between two consecutive droplets exiting the funnel was 20 s.
The wet film with the filter paper was then extracted from the funnel and placed on a blotting
towel to absorb excess water.
Before drying, the wet film was cold-pressed using a Dake (MI, USA) hydraulic press to reduce
the water content to ~50%. During the cold press, a new filter paper (the old one was still on the
bottom side of the film) was placed on top of the wet film, which was then sandwiched between
two blotting papers and two circular steel plates. Following cold pressing, the blotting papers
were removed. Now, depending on the type of shrinkage desired, we either left the filter papers
on both surfaces (z-shrinkage) or eliminated both filter papers (xy-shrinkage) from the wet film.
The circular steel plates were retained on both sides of the cold-pressed films for drying. This
time, however, a ring-shaped spacer made by layering aluminum foil was placed between the
two steel plates to ensure that the shrinkage was not restrained by the pressure.
We utilized a hot press (Carver Inc., Wabash, IN) at 150 °C for 8 minutes for drying. However,
we did not employ any pressure (pressure reading zero) during drying, rather the hot platens
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were just in contact with the two steel plates to prevent the curling and warping of the films after
drying. The films that were dried without filter papers (‘xy’ film) shrank in the radial direction,
whereas the films dried on filter papers (‘z’ film) did not show any radial shrinkage. It is important
to point out that both xy and z both films had vertical shrinkage, albeit the degree of vertical
shrinkage was different for the two films as will be addressed later. Both samples were then hotpressed for a second time after drying without any filter paper at an elevated pressure (1.1 MPa)
for 4 minutes to generate two more sets of samples (‘xy-z’ and ‘z-z’). Before any measurements
were made, these four sets of samples were conditioned for at least 24 hours at 23 °C and 50%
relative humidity.
4.2.3 Physical and Surface Properties
Density. A 9 cm circle was cut from each conditioned film using a circle cutter and the weight
was measured using a balance (0.0001 g accuracy). The thickness of each sample was determined
by averaging the thickness of 10 points around a single film using a micrometer (0.001 mm
accuracy). Then the density was measured by dividing the conditioned weight of the film by the
corresponding volume calculated from the radius and average thickness. Five density
measurements were taken for each shrinkage type to obtain the mean density value. The
porosity of each film was calculated depending on the film density (ρf) and pure cellulose density
(ρc = 1.5 g/cc) from Eq. (4.1).
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =

𝜌𝑐 − 𝜌𝑓
𝜌𝑐

× 100%

(4.1)
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Transmittance. A UV-Vis spectrophotometer (Lambda 365+, PerkinElmer, MA, USA) was used
to measure the visible light transmittance (400 – 800 nm) of the films. The spectrophotometer
had an internal sample holder designed for film transmittance and air was used as a reference.
Surface Free Energy. A Kruss mobile surface analyzer (Hamburg, Germany) was employed to
measure the surface free energy using the double sessile drop method. The contact angles of 1
µL volume droplets each from deionized water (polar probe) and diiodomethane (non-polar
probe) were measured after 2s of drop contacting film surface. From the contact angles, the polar
and disperse portions of surface free energy were calculated using Owens, Wendt, Rabel, and
Kaelble (OWRK) method41. At least 10 measurements were taken for each sample from two
specimens to calculate the average surface free energy value.
4.2.4 Oxygen and Water Vapor Permeability
Oxygen Permeability. The oxygen transmission rate (OTR) of the films was measured at 23 °C
and 80% relative humidity following ASTM D3985-17 standard. Before testing, all films were
conditioned at 80% relative humidity for at least 24 hours in a conditioning chamber and then
inside the testing machine for 6 hours. A Mocon Ox-Tran 2/22 OTR analyzer was used to measure
the OTR. After conditioning, the machine went through a ‘rezero’ process that cleaned the sensor
and film purging 98% N2 and 2% H2 for 15 minutes and then recorded the OTR value after 15
minutes of 100% oxygen transmission through the film. The machine ran the rezero process after
every two tests and continued the same testing cycle until the difference between the last five
OTR values converged to less than 1% difference. The OTR values of each film were normalized
by thickness to obtain the oxygen permeability (OP) value.
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Water Vapor Permeability. A gravimetric method following a slightly modified form of ASTM
E96/E96M-16 was used to measure the water vapor transmission rate (WVTR). Each film was
trimmed into 65 mm (radius, r = 32.5 mm) circles and affixed on top of a Mason jar (Rubbermaid
Incorporated, GA, USA) using a metal screw cap and sealed with silicone rubber. Before placing
the film, the jar was filled up with 60 g of distilled water. The entire jar was then left in an
environmental chamber of 23 °C and 50% relative humidity. After conditioning for 48 hours, the
weight loss (Δmass) of the Mason jar was recorded over 24 hour time difference. The WVTR was
then calculated from Eq. 4.2.
𝑔

𝛥

WVTR (𝑚2 .𝑑𝑎𝑦) = 𝛱𝑟𝑚𝑎𝑠𝑠
2 .𝑑𝑎𝑦

(4.2)

The WVTR was then thickness and pressure normalized using Eq. 4.3 to obtain water vapor
permeability. The quantity P(saturated) and ΔRH% in Eq. 4.3, respectively, indicated the saturated
vapor pressure of water at 23 °C (2.81 kPa) and the difference in relative humidity between the
inside (100%) and outside (50%) of the jar.
𝑔.𝑚𝑚

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ×100

WVP (𝑚2 .𝑑𝑎𝑦.𝑘𝑃𝑎) = WVTR × 𝑃

(4.3)

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 × 𝛥𝑅𝐻%

4.2.5 Microscopic Analysis
Optical Microscope. A polarized light microscope (AmScopeTM, ME520TA, Irvine, CA) was used
to track the fibrils during drying on two different substrates. The first substrate was a regular
microscopic glass slide, which can be considered as an interacting surface for CNF suspension
based on the surface free energy whereas the other one was a plastic film substrate taped on the
microscopic glass slide. The plastic film was cut from the MINIGRIP® Red LineTM Reclosable bags
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that acted as a non-interacting surface for CNF suspension based on the surface free energy. A
detailed discussion on choosing those substrates is provided in a later section of this chapter. A
0.01 wt% suspension of CNFs was prepared and then a small volume (~0.05 mL) was drop-casted
on both substrates. Images and video were recorded at 50x magnification for analysis. Besides
the optical microscope, an HDMI microscope camera (ShenZhen Hayear Electronics, China) with
a mounted lens was used to capture the images of the full droplet drying.
Scanning Electron Microscope. Micron-scale images of film surfaces and cross-sections were
captured at different magnifications using a Zeiss Nvision 40 (Zeiss, Germany) Focused Ion Beam
(FIB) Scanning Electron Microscope (SEM). For cross-section analysis, the films were first freezefractured using liquid nitrogen. Then all the pieces of the films including the ones for surface
analysis were sputter-coated with a 4 nm layer of Au/Pd to avoid charge accumulation on the
surfaces. The voltage was kept at 3 kV and the working distance ranged from 3 mm to 5 mm.
4.2.6 Tensile Testing
For tensile testing, the films were cut into strips of 50 mm × 10 mm and then conditioned at 23
°C and 50% relative humidity. An Instron 5942 Universal Testing Machine (Instron, MA, USA) was
used to measure the tensile strength, strain at break, and modulus. The actual gauge length for
the testing was 20 mm and a displacement rate of 2 mm/min was set as the testing parameter.
At least six specimens were tested from each sample for statistical analysis. Tensile strength,
strain at break, and modulus were directly provided by the Bluehill software (Instron, MA, USA).
The toughness of the specimens was calculated by measuring the area under the stress-strain
curve through the trapezoidal rule of area integration.
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4.2.7 Statistical Analysis
Statistical analysis was performed using IBM SPSS 28 software. An analysis of variance (ANOVA)
was performed to evaluate if the shrinkage type had a statistically significant effect on density,
thickness, water contact angles, oxygen and water vapor permeability, and mechanical
properties. Also, a Duncan’s posthoc analysis was performed to classify the shrinkage types based
on the group means.
4.3

Results and Discussion

4.3.1 Film Formation and Physical Properties
As stated in the introduction, the shrinkage of filtered CNF films is typically restrained during
drying as free drying might result in curling and highly roughened films. In our work, we applied
a simple method that we learned through our experience to allow the shrinking of the films while
maintaining their flatness; this would make it possible to measure all properties. On the other
hand, for z-shrinkage, we did not apply a traditional pressure-induced restrain during drying to
avoid shrinkage, rather our approach was an adhesion-induced restraining that helped us
maintain similar temperature and pressure for both types of shrinkage. In brief, an interacting
non-compressible substrate like Whatman® filter paper is required to make this adhesion and
restraining happen. The term ‘interacting’ refers to a material that has the affinity for CNF wet
mat due to the chemistry, roughness or surface free energy, such as hydrophilic substances and
‘non-compressible’ refers to materials that do not shrink upon drying. The Whatman® filter paper
used here met these two requirements.
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Due to the wet film’s strong adherence to the filter paper generated by the cold pressing
coupled with the non-shrinking behavior of the filter paper, the shrinkage in the films was
eventually restrained by adhesion instead of pressure. This adhesion, however, did not cause any
macro-scale deformation or negative impact on the surface upon the removal of the filter paper
except for some microscale detachment of fibrils from both surfaces, as will be detailed later. On
the other hand, the xy films were formed on the surface of metal plates that did not have any
strong interaction with the wet mat to provide any restraint for shrinkage. As a result, xy films
showed radial shrinkage while the curling of the films was prevented by the contact of the steel
plates. A schematic diagram of the wet film shrinkage process of xy and z films is shown in Figure
4.1.

Figure 4.1. A schematic diagram of the wet film shrinkage process to obtain xy and z films
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Figure 4.2. Thickness and density changes (a) and water contact angle (b) for all shrinkage type
The density of the films greatly varied depending on the type of shrinkage. As shown in Figure
4.2a, xy films had a lower density (0.96 ± 0.03 g/cc) than the z film, which had a 7.3 % higher
density. The reduced density obtained by xy-shrinkage can be explained by the synergistic effect
of radial shrinkage and vertical shrinkage. Although the xy film shrank by 11% in the radial
direction and there was no radial shrinkage for z films, xy films and z films shrank by 45% and
60% in the vertical direction, respectively. As a result, z films showed 27% less thickness than the
xy films, which ultimately contributed to superior compaction and density of z films. On the other
hand, thermal compression on dry xy and z films generated further vertical shrinkage. As a result,
xy-z films were 12% thinner than xy films, and z-z films were 7% thinner than z films. Clearly, the
influence of thermal compression is stronger on the xy films indicating that it included more
vertically oriented free space. Eventually, thermal compression converged the density of xy and
z films into the same average density value (1.06 g/cc), suggesting that the films in this
investigation were compacted to their utmost extent.
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The surface properties of all four samples have been listed in Table 4.1 and the water contact
angles of the films have been shown in Figure 4.2b. On average, the z and z-z films tended to
have lower contact angle values, i.e., more hydrophilic nature compared to xy and xy-z films.
However, statistical analysis showed that this difference was not statistically significant. The only
statistically significant difference was shown by xy-z films as they had, on average, 35% greater
water contact angle than all the other films, suggesting that the xy-z films were more
hydrophobic. As the chemical properties of all the CNF films should be similar, the higher contact
angle of xy-z films is likely to be originated from surface roughness. According to popular
Wenzel’s theory, a hydrophilic surface (water contact angle < 90o) will be less hydrophilic when
the roughness of the surface decreases given that the chemistry of the surface remained the
same50. As a result, we anticipated that the xy films had higher roughness that was significantly
reduced by the thermal compression.
Table 4.1. The porosity, shrinkage percentage in radial (xy) and vertical (z) direction and surface
properties of films with xy-shrinkage, z-shrinkage, and corresponding thermally compressed
ones (xy-z, z-z)
Porosity

xy-shrinkage

z-shrinkage

Surface Free Energy

Disperse

Polar

(%)

(%)

(%)

(mN/m)

(mN/m)

(mN/m)

xy

36.1 (6.5)

11(2.3)*

45.2 (7.4)

58.7 (25.1)

34.8 (15.0)

23.9 (40.0)

z

31.1 (8.6)

0

59.8 (1.5)

61.0 (27.5)

34.5 (20.3)

26.5 (37.0)

xy-z

29.6 (11.3)

11(2.3)**

52.3 (3.5)

52.5 (22.3)

34.4 (11.6)

18.1 (42.5)

z-z

29.2 (6.3)

0

62.5 (1.5)

64.8 (16.4)

37.6 (11.4)

27.3 (23.3)

*The

values in parentheses indicate the coefficient of variation

**There

is no further radial shrinkage upon thermal compression
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4.3.2 Mechanical Properties
In several previous studies, CNF films were intended for high-strength and low-density
applications to compete with aluminum alloys and current packaging materials; therefore,
understanding their mechanical performance in terms of shrinkage type is critical36,117. While high
strength and stiffness are desired for structural applications, packaging applications demand high
flexibility, and plasticizers are typically added to improve the flexibility of CNF films at the expense
of their barrier performance126,127. All tensile properties studied here (listed in Table C.1 and
presented in Figure 4.3) - tensile strength, modulus, strain at break, and toughness - showed
statistically significant differences due to the shrinkage type.
The strength and modulus of z films were 35% and 53% greater than those of the xy films,
respectively. In contrast, the xy films had 140% and 91% higher strain and toughness than those
of z films, suggesting that the radial shrinkage gives more elongation and tougher films at the
expense of reduced strength and stiffness, whereas the vertical shrinkage had the reverse effect.
However, this conflict between strength and toughness is not unusual and considered mutually
exclusive for the majority of natural and manufactured materials128. Toughness requires the
capacity to dissipate local high stresses between fiber-fiber bonding by withstanding
deformation, which renders hard materials brittle and lower strength materials tougher. Special
engineering designs are required to make new materials with high strength and toughness 129.
Interestingly, our thermal compression technique, which further induced the z-shrinkage,
improved the strength, modulus, and toughness by 12%, 11%, and 34% than the non-compressed
films, i.e., xy and z films. This simultaneous improvement of strength and toughness was possible
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As previous reports29,36 suggest that the mechanical properties of CNF films are a function of
density, we normalized the tensile strength, strain, modulus, and toughness by density and ran
the statistical analysis again. The results of analysis of variance before and after density
normalization are shown in Table C.2 and Table C.3, respectively. After density normalization,
tensile strength, strain, modulus, and toughness showed statistically significant differences
between the shrinkage types. Therefore, the changes observed in tensile properties could not
have been driven by the density, rather directly controlled by the shrinkage type. On the other
hand, strength and toughness showed statistically significant differences when the thermal
compression technique was applied or when it was not; however, upon density normalization,
these differences became insignificant indicating that thermal compression controlled the
strength and toughness by controlling the density of the films. To assess the relationship between
tensile properties and thickness, four plots of strength, modulus, strain at break, and toughness
against thickness were drawn (Figure C.1a-d). Interestingly, tensile strength and modulus showed
a strong correlation with thickness as demonstrated by the R2 value of 0.968 and 0.996 from the
linear plot, respectively, suggesting that the strength and modulus are governed by the zshrinkage of CNF films. On the other hand, the plots of strain-thickness and toughness-thickness
showed a poor correlation with the R2 value of 0.736 and 0.389, respectively, indicating that the
strain and toughness are more likely controlled by the radial shrinkage. This observation can be
very significant to tune the mechanical properties of CNF films for target applications.
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(a)

(b)

(c)

(d)

Figure 4.3. Tensile strength (a), modulus (b), strain at break (c), and representative stress-strain
curves (d) of xy, z, xy-z and z-z films
4.3.3 Oxygen and Moisture Barrier Performance
An excellent oxygen barrier performance at low relative humidity is one of the distinctive
characteristics that made CNF films a competitive alternative to petroleum-based packaging.
However, they gradually lose this property at high relative humidity (usually >65%) as the CNF
films tend to absorb moisture due to their hydrophilic structure, which can cause swelling of the
fibrils and work as a medium for high gas diffusion14,130. In general, the gas barrier performance
of a polymeric film depends on multiple factors including the diffusivity of the gas molecules, the
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crystallinity of the polymer, the size of the gas molecules, the morphology of the nanoparticles
in the film, and the free volume in the film62. In addition to these parameters, the water vapor
permeability of hydrophilic polymeric films like CNFs is largely dependent on the strong
interaction between water molecules and polymer structure131. As a result, CNF films have high
moisture transmission rate and are considered poor moisture barrier materials, although their
water barrier performance is superior to paper and some other synthetic hydrophilic polymers
like polyvinyl alcohol14.
The oxygen transmission rate of xy films (Figure 4.4a) was 18% lower than that of z films,
suggesting that radial shrinkage improved the oxygen barrier performance. However, this
enhanced barrier performance of xy films was due to their increased thickness. As a result, the
thickness normalized quantity- OP of xy films was 8% higher than that of z films. The poor barrier
performance of xy films can be attributed to the relatively porous structure induced by the radial
shrinkage as listed in Table 4.1. Intriguingly, the difference in OP values between xy and z films
became statistically insignificant upon the thermal compression. The convergence of density and
porosity to a similar value upon thermal compression can be related to these similar values of xyz and z-z films. The thermal compression technique was also reported to converge oxygen
permeability values of films produced by different drying methods in our previous work 91 and
can be considered as a tool for defect removal originating from the drying process. To fully
understand the underlying factors controlling the oxygen barrier performance, we studied the
correlation of OTR and OP with density and thickness. However, the only good correlation
identified was between OP and density with an R2 value of 0.89 (Figure C.2a) determined from a
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linear regression, demonstrating that oxygen permeability is a density-driven characteristic of
CNF films studied here.

Figure 4.4. Oxygen barrier performance (a) measured at 23 oC and 80% relative humidity, and
water vapor barrier performance (b) measured at the same temperature and 100%/50%
relative humidity difference of various shrinkage-induced films in this study.
Consistent with OTR, the WVTR of xy films was likewise lower (by 9%) than that of z films,
suggesting that z films possessed a relatively poor moisture barrier, which again flipped in terms
of WVP. Due to their more compact and less porous structure, the WVP of z films was 18% less
than the xy films. However, unlike OP values, WVP did not converge to a similar value upon
thermal compression, albeit any correlation between OP and WVP was not necessarily expected.
After thermal compression, the z-z films had 24% less WVP than the xy-z films, indicating that the
vertical shrinkage was more crucial for the water vapor barrier performance. In addition, the
correlation of WVTR and WVP with density and thickness was analyzed through linear models.
However, the only good correlation was observed between the WVP and thickness with an R2
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value of 0.921 from the linear plot in Figure C.2b, demonstrating that the WVP is a thicknessdriven property, rather than density.
4.3.4 Structure-property relationship
A comprehensive understanding of the film’s structure is important to build a clear structureproperty relationship. Figure 4.5a-i shows the microstructure of the surfaces and freezefractured cross-sections of all the samples. At magnifications of 5000x (Figure 4.5a-d) and
10,000x (Figure C.3e-h) on the surface images of all CNF films, the characteristic multiscale
fibrous and porous structures was evident. The surface SEM images also revealed the random inplane orientation of the fibrils as CNFs where their complex multiscale fibrillated structure
prefers to form a randomly distributed wet mat from the liquid suspension and requires special
treatments to get orientation and anisotropic properties132. As illustrated in Figure 4.5b&d, the
most differentiating surface feature between radial and vertical shrinkage was the microlevel
loose fibrillar architecture on the surfaces of z and z-z films. Low magnification images (Figure
C.3b&d) of their surfaces revealed that these hanging fibrils persisted all over the surfaces of the
films and likely originated from the strong contact and interaction between the surfaces of wet
CNF films and hydrophilic cellulose filter papers as detailed in our prior work 91. However, the
influence of these fibrils on the final macrolevel properties was not very clear, except for the
roughness and transmittance of the films. Due to the thinner and denser structure of z films than
the xy films, they were expected to have better transmittance of visible lights. However, they
showed an opposite trend as depicted in Figure 4.6a, which can be related to the scattering of
the lights from those hanging fibrils of z and z-z films48. Moreover, the surface SEM images of xy
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and xy-z films indicated an uneven and dimpled surface architecture. However, it was difficult to
make such comments on z and z-z films because of the presence and interference of those
hanging fibrils.
The layered/lamellar structure of the cross-sections of all the films has been shown in Figure
4.5e-l. While the reason for the formation of such multilayer structure is not yet fully understood,
such lamellar structure of neat CNF films and their composites were reported by numerous
researchers133,134. Fein et al (2021) first proposed a skin-core model for the formation of CNF
films34. According to this model, a skin layer is formed early in the drying process of CNF films
that can even create some grease barrier performance in the wet state and becomes a tightly
closed surface upon drying; whereas the porosity of the films was mostly controlled by the
porosity in the core structure. Comparing Figure 4.5a-d & i-l, the core structure was more porous
than the skin at similar magnification. Although the porosity in the core may be amplified by
several folds for the defects created by the freeze-facture, it was apparent that core layers had
free space among them as intra-lamellar fibrils are expected to have stronger interaction than
the interlamellar fibrils. However, the combined effect of these two interactions likely controls
the mechanical and barrier performance of the films. Comparing the structure of xy and z films’
in Figure 4.5i & e, the core layers of z film were flat and straight, while the core layers of xy films
were more bent and curled due to removal of water and the action of capillary forces during
drying, indicating that restraining macroscale curls could not avoid ‘micro-curls’, i.e., core layers
made more space in the z direction to accommodate radial shrinkage and the deposition of bent
curves on top of each other could be the potential cause of the higher porosity in xy films than
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the z films. Upon thermal compression, the curved layers became flattened in the xy-z film as
shown in Figure 4.5k, which decreased the porosity of xy films and converged the density to the
level of z-z films.

Figure 4.5. SEM images of the surfaces (a-d) of xy, z, xy-z, z-z films at a magnification level of
5000x and the freeze fractured cross-sections at a magnification level of 1000x (e-h) and 5000x
(i-l); the surfaces are the top surface during the filtration.
While SEM images gave a comprehensive understanding of the surface structure and the
layering pattern, the evolution of the interlamellar fibrils' interaction from wet state to dry state
by radial and vertical shrinkage was difficult to track. We utilized a simple polarized light
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microscope to observe the shrinkage during drying. However, it was equally challenging to track
fibrils of a vacuum filtered film through an optical microscope due to the high thickness of the
films, curling, as well as the blockage of light caused by the filter paper to track z films. As a result,
we were motivated to track a drop cast solution on a transparent surface with equivalent surface
properties of the metal plate (xy film) and filter paper. Measuring the water contact angle of filter
papers was tough as they absorb the water immediately after dropping (< 1s), but indicated a
very hydrophilic surface. Microscope glass slides also showed a very low water contact angle
(40°), a close representation of the filter paper. On the other hand, the Minigrip® plastic (a
regular reclosable bag used in the lab and mostly low-density polyethylene) showed an average
water contact angle of 99°, which was also close to the water contact angle of the metal plate
(83°). A representative water droplet on all the surfaces has been shown in Figure 4.6b.

Figure 4.6. (a) the transmittance of all the prepared films; (b) representative water drops on the
metal plate used for the hot press, filter paper, Minigrip® plastic used instead of metal plate,
and glass slide.
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Figure 4.7a-h, shows how the dry line (edge of the droplet) on a plastic surface (Figure 4.7a-d)
and glass surface (Figure 4.7e-h) proceeded with time. A full droplet drying pattern on both
surfaces is also available in Figure C.4a-f. The drying of a single droplet of very low volume (~0.5
mL) and low solids content is likely to give some insights on monolayer formation process of
casted CNF films. Although the drop casting process ignored the fact that the film structure was
already established during the filtration and before the drying, this simple method still helped
understand the influence of drying substrates (interacting or non-interacting) on shrinkage. It is
evident from Figure 4.7a-d that the contact line of the droplet on the plastic surface was not
pinned, rather it moved towards the center of the droplet due to the hydrophobicity of the
surface with the increase in solid content. The movement of the droplet towards the center also
pushed the fibrils towards the center as the fibrils did not have any affinity with the surface and
they had a strong cohesive force with themselves and water molecules. However, to
accommodate the extra fibrils in a relatively smaller area, the fibrils tend to arrange in the zdirection as well. This z-directional arrangement during drying on a non-interacting surface might
cause the thickness and roughness increase of each layer in the lamellar structure. This can be
further proved by the fact that xy-z films had greater thickness than the z-z films although they
had similar porosity, and both underwent the thermal compression process. The SEM images of
cross-sections (Figure 4.5k,l) also seemed to exhibit a rougher surface for xy-z films. This higher
thickness of the individual layer likely caused the difference in the mechanical performance of xy
and z films as well. However, further study is required to establish the relationship between the
thickness of the individual layer and the final properties of the films.
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In contrast, the droplet on the glass slide was pinned on the surface due to the hydrophilic
nature of the glass slide. So, the contact line did not show any movement during the whole drying
process. The micron-level fibrils had a very little amount of random movement during the drying
process (not shown in the picture). As a result, larger fibrils stayed almost at the same position
they were initially cast. However, tiny circular particles had a motion in the radial direction. As
the droplet was pinned and the particle size was circular, they slightly formed so-called ‘coffee
ring’ structure at the dry line135. On the other hand, a drying line also proceeded from the initial
dry line to the center of the droplet at the last stage of drying, which was not visible for the
droplets on the plastic surface. Moreover, fibrils were not forced to arrange in the z-direction, so
each layer in the lamellar structure was expected to be smooth and thinner than the xy films,
which eventually led to a lower thickness of the overall film and contributed to enhanced
strength and stiffness, as well as barrier performance. During the actual filtration process, CNFs
are most likely to sequentially deposit on the previously deposited layer. The entangled particles
conform to and are constrained by the previous layer. Individual layers are locked by the top and
bottom layers and thus the film cannot shrink on the filter paper. On the other hand, the whole
film has the freedom to shrink together on the steel surfaces, albeit interlayer movement may
not be pronounced.
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Figure 4.7. The time progress of the edge of a CNF solution droplet from a wet state to a dry
state on a Minigrip® plastic surface (a-d) and a glass slide (d-f); the scale bar indicates 200 µm.
4.4

Conclusions

CNF films with two different types of shrinkage were prepared here. The xy film had 11% radial
shrinkage and 45% vertical shrinkage and the z film had no radial shrinkage and 60% vertical
shrinkage. The radial shrinkage in xy films resulted in a more porous structure due to the curved
structure of individual layers in the core structure of the films as revealed by the SEM images. As
a result of higher porosity, the xy films had higher oxygen permeability than the z films. However,
thermal compression on dry xy and z films resulted in the same density and oxygen permeability
value as oxygen permeability was found to be driven by density, while the water vapor
permeability was found to be driven by z-shrinkage. The radial shrinkage brought about a more
extensible and tougher film, whereas vertical shrinkage tended to result in a strong and stiff film.
Due to the interaction between wet film and filter paper, z films had loosely hanging fibrils on
their surface that increased the light scattering from the surface. A monolayer formation of a
drop cast film on a hydrophilic and hydrophobic surface suggested that radial shrinkage is likely
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to form a thicker individual layer in core structure and the opposite for the vertical shrinkage.
The coffee ring effect was seen for the droplet on the glass surface. This research sheds light on
the shrinkage of CNF films, which were generally ignored to relate to the final mechanical and
barrier properties. Future research direction in this area will be on how to control the amount of
shrinkage and a detailed study on the drop cast drying patterns for all the different kinds of
cellulose nanomaterials to understand their self-assembly in a better way.
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5
5.1

CHAPTER 5: CONCLUSIONS AND FUTURE WORK

Overall conclusions

This MS thesis contributed to the domain of CNF films through studying the influence of drying
techniques, cross-linking and shrinkage on the final films’ properties. For drying techniques and
shrinkage studies, CNFs from bleached softwood Kraft pulp and for crosslinking, LCNFs from
recycled cardboard containers pulp were investigated. From the results and discussions of the
above chapters, the following conclusions can be made:
I. Among all drying techniques, hot-press drying resulted in the lowest oxygen and water vapor
permeability and highest mechanical strength. Thermal compression on dried films also
improved the strength and barrier performance of the films regardless of the drying technique.
Most importantly, films made with 90% fines CNF and 97% fines CNF approached a similar
mechanical and barrier performance when the films were dried by hot-press drying coupled with
thermal compression. Hot-press drying and thermal compression both helped form flat layers in
the core structure, whereas other drying techniques formed wavy layers.
II. OCC-LCNF films were prepared following the hot-press drying coupled with the thermal
compression. However, the oxygen permeability values of the OCC-LCNF films were
unpredictable due to the colloidal instability of the OCC-LCNF suspension. As a result, 3 wt.% CMC
was mixed with the OCC-LCNF suspension to make it stable. However, the oxygen permeability
value of stabilized OCC-LCNF films was almost two times higher than that of the BSK-CNF films.
To improve the barrier performance, ionic crosslinking or chemical crosslinking were performed.
In general, covalent crosslinking was more successful to improve the barrier properties and
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strength with a compromise for flexibility. OCC-LCNF films showed complete UV-protectiveness
due to the presence of high amount of lignin.
III. Shrinkage was observed to significantly influence the mechanical and barrier properties.
Radial shrinkage caused higher strain and toughness with a sacrifice in strength and modulus
compared to vertical shrinkage. The oxygen permeability was found to be controlled by the
density; the water vapor permeability was controlled by z-shrinkage. SEM images suggested that
radial shrinkage caused to form wavy structure compared to the z-shrinkage, which can be
flattened by the thermal compression technique introduced in Chapter 2.
5.2

Recommendations for Future Works:

I. Although hot-press drying combined with hot-press compaction was recommended as the
most suitable drying strategy, the process parameters were not optimized. A future work should
be directed on the concept of optimizing the process parameters of drying and compaction.
Besides, an energy consumption comparison of all the drying techniques is required to fully
understand the most economic process considering time and energy input.
II. OCC-LCNF films are made from recycled sources. As a result, some toxic chemicals might
leach out from the films and get mixed with the food if these materials are used in food-contact
applications. As a result, a thin coating of pure CNF or other biopolymers on the surface of OCCLCNF can protect the food from direct contact of the OCC-LCNF films. Instead of coating,
lamination with thin CNF films can also be performed. A full life cycle analysis of the OCC-LCNFs
also needs to be performed to fully understand the impact of this material over the entire life
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cycle. Also, the crack resistance behavior for LCNF films needs to be explored in detail in a future
study.
III. Future efforts should be made to control the amount of shrinkage. Temperature, basis
weight and shape of the films as well as fines content can potentially be tuned to get different
amounts of shrinkage. LCNF and other types of cellulose nanomaterials should also be studied to
understand the effect of shrinkage in all lignocellulosic nanomaterials. As shrinkage in films
caused higher strain, it can be used as a tool coupled with high moisture treatment to stretch the
CNF films in one direction for potential alignment to obtain an anisotropic film.
IV. The layered structures of CNF films were reported in this thesis and many other works. A
skin-core model has been proposed for the formation of these layered structure. However, how
the number of layers can be controlled and their potential impact on the properties are yet to be
explored. Future study should be directed to understanding this layering process and controlling
the number of layers.
V. Overall, still there are many challenges remaining for the commercialization of CNF films.
Although our efforts significantly contribute to maintain high oxygen barrier performance at 80%
relative humidity, the water vapor barrier performance is still poor. This key challenge should be
dealt with the lamination by hydrophobic polymers to keep the CNF layers away from the direct
contact with moisture. Although there are a lot of petroleum-based polymers that can do this
job, only a limited number of biobased options are available. More biobased options need to be
explored for this purpose.
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APPENDICES
APPENDIX A. SUPPORTING INFORMATION OF CHAPTER 2

Figure A.1. Wet film set up before drying in (a) air, (b) oven, (c) heat gun and (d) hot press.
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Figure A.2. Films after folding with single line (a) and crossing double lines (b) to evaluate crack
resistance. The photos were taken on the OTR cartridge before testing.

Figure A.3. SEM image of film’s surface that was in contact with filter paper while drying. This
image was taken with an environmental SEM (Hitachi TM3000)
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Figure A.4. AFM amplitude images of all prepared films with a dynamic scanning mode. +HP
sign on 2nd and 4th row images indicates hot pressing compaction on dried films.
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Figure A.5. Typical stress-strain curves from tensile testing of all prepared films. To draw this
curve, a representative sample from each film category was taken that best represented the
average value.
Table A.1 A list of oxygen permeability values of the current work and other natural and
petroleum-based packaging materials
Materials

Oxygen Permeability
(cc.µm/m2.day.atm)
403.2
357-510
3617
52,264
590
25,470
92,477
1000-5000
50,000-100,000
50,000-200,000
13-300

Conditions

Reference

CNFs (Dried + hot pressed)
23 oC; 80%a
This Work
o
136
CNFs
23 C, 50%
o
17
Carboxymethylated CNFs
23 C; 80%
137
Bacterial CNCs
23 oC; 80%
138
tert-Butylamino CNCs
23 oC; 80%
o
14
Cellophane
23 C, 95%
14
Chitosan
25 oC, 93%
Polyethylene terephthalate
Not applicableb 14
14
Polypropylene
Not applicable
14
Polyethylene
Not applicable
14
Polyvinylidene chloride
23 oC; 50%
aRelative humidity
bOxygen permeability remains unchanged over the entire range of relative humidity.
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APPENDIX B. SUPPORTING INFORMATION OF CHAPTER 3

Figure B.1. Scanning electron microscope images of LCNFs at 1000x magnification (a) and 5000x
magnification.
Figure B.1a. shows a clear representation of fibrillated structures of OCC-LCNFs, produced by
refining. The average nano-scale diameter of the fibrils was found to be 320 nm by ImageJ
analysis. As predictable from the figure, the LCNFs had a combination of micro- and nano-scale
morphologies, typical for CNFs produced by similar methods. At a higher magnification (Figure
B.1b.), the presence of foreign materials (mostly likely inorganic crystals or clay materials) was
observed as marked by red circles. Those foreign particles affected the properties significantly as
discussed in the Chapter 3.
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(a)

(b)

Pure OCC-LCNF Suspension

(c)

OCC-LCNF + 3% CMC Suspension

(d)

Pure OCC-LCNF Film

OCC-LCNF + 3% CMC Added Film

Figure B.2. The agglomerated suspension of OCC-LCNF induced by shear force (a) and
inhomogeneity of the resulting film (b); after 3% CMC addition, the suspension and
corresponding film became more homogeneous.
(b)

(a)

(c)

Figure B.3. Wet tensile strength (a), strain at break (b) and tensile modulus (c) of sLCNF films
before and after treating at 0.3 wt% alum or polyamide epichlorohydrin bath.
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Table B.1. A comparison of oxygen permeability values of CNF, LCNF in this work and other
biopolymers and petroleum-based materials

Oxygen Permeability
(cc.µm/m2.day.atm)

Materials
OCC-LCNF+3%CMC (sLCNF)
sLCNF_0.3% Alum Treated
sLCNF_0.3% PAE Treated
CNFs
CNFs
Carboxymethylated CNFs
Bacterial CNCs
tert-Butylamino CNCs
Cellophane
Chitosan
Polyethylene terephthalate
Polypropylene
Polyethylene
Polyvinylidene chloride
aOxygen

1479
894
780
627
357-510
3617
52,264
590
25,470
92,477
1000-5000
50,000-100,000
50,000-200,000
13-300

Conditions
(Temperature, Relative
Humidity)
23 °C, 80%
23 °C, 80%
23 °C, 80%
23 °C, 80%
23 °C, 50%
23 °C, 80%
23 °C, 80%
23 °C, 80%
23 °C, 95%
25 °C, 93%
Not applicablea
Not applicable
Not applicable
23 °C, 50%

Reference
This Work
This work
This work
This work
136
17
137
138
14
14
14
14
14
14

permeability remains unchanged over the entire range of relative humidity

Table B.2. Onset Temperature (Tonset), Maximum Degradation Temperature (Tmax), Temperature
at 10% Weight Loss (T10% weight loss), Temperature at 50% weight loss (T50% weight loss) and Residue
Content Obtained from Thermogravimetric Analysis

Tonset
(°C)

Tmax
(°C)

T10% weight loss
(°C)

T50% weight loss
(°C)

LCNF
sLCNF*_
sLCNF_0.3% Alum Treated

203
190
205

337
310
330

289
269
281

342
332
338

Residue
Content
(%)
27
30
28

sLCNF_0.3% PAE Treated

191

275

344

19

*sLCNF=

Tmax1
310

Tmax2
326

LCNF mixed with 3 wt% carboxymethyl cellulose
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APPENDIX C. SUPPORTING INFORMATION OF CHAPTER 4
Table C.1 Tensile properties of four types of films with thickness and density data
Shrinkage Type
xy
z
xy-z
z-z

Thickness
(µm)
82 ± 5
60 ± 2
72 ± 5
56 ± 2

Density
(g/cc)
0.96 ± 0.03
1.03 ± 0.04
1.06 ± 0.05
1.06 ± 0.03

Strength
(MPa)
63.6 ± 6.2
85.7 ± 9.5
73.6 ± 8.0
96.4 ± 15.2

Modulus
(GPa)
3.5 ± 0.3
5.4 ± 0.3
4.3 ± 0.4
5.7 ± 0.4

Strain at Break
(%)
10.9 ± 2.1
4.6 ± 0.7
11.4 ± 2.8
6.3 ± 2.3

Toughness
(MJ/m3)
5.3 ± 1.3
2.8 ± 0.7
6.4 ± 2.1
4.5 ± 2.5

Table C.2 Analysis of variance table before density normalization
Source
Corrected Model

Dependent Variable
Strength
Modulus
Strain
Toughness
Intercept
Strength
Modulus
Strain
Toughness
Type of Shrinkage
Strength
Modulus
Strain
Toughness
Effect of Thermal
Strength
Compression
Modulus
Strain
Toughness
Type of Shrinkage * Effect
Strength
of Thermal Compression
Modulus
Strain
Toughness
Error
Strength
Modulus
Strain
Toughness
Total
Strength
Modulus
Strain
Toughness
Corrected Total
Strength
Modulus
Strain
Toughness
a. R Squared = .642 (Adjusted R Squared = .605)
b. R Squared = .883 (Adjusted R Squared = .871)
c. R Squared = .702 (Adjusted R Squared = .671)
d. R Squared = .397 (Adjusted R Squared = .335)

Type III Sum of
Squares
5373.723a
26.728b
281.727c
54.052d
202761.851
708.084
2177.823
719.808
4014.558
21.430
259.262
39.110
852.909
1.939
9.545
14.951
.942
.408
3.317
.907
3000.950
3.544
119.748
82.108
216383.619
757.451
2583.974
844.751
8374.673
30.272
401.475
136.160
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df
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
29
29
29
29
33
33
33
33
32
32
32
32

Mean Square
1791.241
8.909
93.909
18.017
202761.851
708.084
2177.823
719.808
4014.558
21.430
259.262
39.110
852.909
1.939
9.545
14.951
.942
.408
3.317
.907
103.481
.122
4.129
2.831

F
17.310
72.907
22.742
6.364
1959.411
5794.432
527.413
254.233
38.795
175.370
62.787
13.813
8.242
15.868
2.311
5.281
.009
3.338
.803
.320

Sig.
<.001
<.001
<.001
.002
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
.008
<.001
.139
.029
.925
.078
.378
.576

Table C.3 Analysis of variance table after density normalization
Source
Corrected Model

Dependent Variable
Specific Strength
Specific Modulus
Specific Strain
Specific Toughness
Intercept
Specific Strength
Specific Modulus
Specific Strain
Specific Toughness
Type of Shrinkage
Specific Strength
Specific Modulus
Specific Strain
Specific Toughness
Effect of Thermal
Specific Strength
Compression
Specific Modulus
Specific Strain
Specific Toughness
Type of Shrinkage * Effect Specific Strength
of Thermal Compression Specific Modulus
Specific Strain
Specific Toughness
Error
Specific Strength
Specific Modulus
Specific Strain
Specific Toughness
Total
Specific Strength
Specific Modulus
Specific Strain
Specific Toughness
Corrected Total
Specific Strength
Specific Modulus
Specific Strain
Specific Toughness
a. R Squared = .503 (Adjusted R Squared = .452)
b. R Squared = .859 (Adjusted R Squared = .844)
c. R Squared = .736 (Adjusted R Squared = .708)
d. R Squared = .460 (Adjusted R Squared = .404)

Type III Sum of
Squares
2476.560a
14.845b
358.256c
64.850d
198188.041
690.611
2227.025
722.217
2033.061
12.580
325.172
53.287
249.935
.390
1.844
8.637
5.148
.340
7.737
1.699
2445.888
2.445
128.813
76.072
209680.393
731.252
2747.836
859.614
4922.448
17.290
487.069
140.923
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df
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
29
29
29
29
33
33
33
33
32
32
32
32

Mean Square
825.520
4.948
119.419
21.617
198188.041
690.611
2227.025
722.217
2033.061
12.580
325.172
53.287
249.935
.390
1.844
8.637
5.148
.340
7.737
1.699
84.341
.084
4.442
2.623

F
9.788
58.693
26.885
8.241
2349.843
8191.328
501.375
275.321
24.105
149.209
73.207
20.314
2.963
4.624
.415
3.293
.061
4.036
1.742
.648

Sig.
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
.096
.040
.524
.080
.807
.054
.197
.428

(a)

(b)

Equation

y = yo + a*x

Equation

y = yo + a*x

Intercept

160.1 ± 10.4

Intercept

10.4 ± 0.2

Slope

-1.189 ± 0.2

Slope

-0.08

R-value

0.984

R-value

0.998

R-square value

0.968

R-square value

0.9964

Adj. R-square

0.952

Adj. R-square

0.9947

(d)

(c)

Equation

y = yo + a*x

Equation

y = yo + a*x

Intercept

-8.3 ± 7.1

Intercept

-0.66 ± 4.8

Slope

0.25 ± 0.1

Slope

0.08 ± 0.1

R-value

0.858

R-value

0.6237

R-square value 0.736

R-square value 0.389

Adj. R-square

Adj. R-square

0.604

0.084

Figure C.1. The relationship between tensile strength (a), modulus (b), strain at break (c),
toughness (d) and thickness in xy, z, xy-z and z-z films.
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(a)

(b)
Equation

y = yo + a*x

Intercept

2148 ± 367

Slope

-1438 ± 357

R-value

0.945

R-square value 0.890
Adj. R-square

0.835

Equation

y = yo + a*x

Intercept

1.60 ± 2.81

Slope

0.184 ± 0.03

R-value

0.960

R-square value 0.921
Adj. R-square

0.881

Figure C.2. The correlation between oxygen permeability with density (a), and water vapor
permeability with thickness (b) when the same amount of CNFs was used to form the films
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Figure C.3. SEM images of the surfaces of xy, z, xy-z and z films at a magnification of 1000x (a-d)
and 10,000x (e-h); The surfaces here were the top surfaces created during the filtration
process.
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Figure C.4. The time progress of a full droplet of CNF suspension from a wet state to a dry state
on a Minigrip® plastic surface (a-c) and a glass slide (d-f).
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